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ABSTRACT 
 
The primary focus of the first portion of this study is to compare physical and 
mechanical properties of a model epoxy that has been toughened with one of three 
different types of rubber-based modifier:  a traditional telechelic oligomer (phase 
separates into micro-size particles), a core-shell latex particle (preformed nano-scale 
particles) and a triblock copolymer (self-assembles into nano-scale particles).  The effect 
of modifier content on the physical properties of the matrix was determined using several 
thermal analysis methods, which provided insight into any inherent alterations of the 
epoxy matrix.  Although the primary objective is to study the role of particle size on the 
fracture toughness, stiffness and strength were also determined since these properties are 
often reduced in rubber-toughened epoxies.  It was found that since the CSR- and SBM-
modified epoxies are composed of less rubber, thermal and mechanical properties of the 
epoxy were better maintained. In order to better understand the fracture behavior and 
mechanisms of the three types of rubber particles utilized in this study, extensive 
microscopy analysis was conducted.  Scanning transmission electron microscopy 
(STEM) was used to quantify the volume fraction of particles, transmission optical 
microscopy (TOM) was used to determine plastic damage zone size, and scanning 
electron microscopy (SEM) was used to assess void growth in the plastic zone after 
fracture.  By quantifying these characteristics, it was then possible to model the plastic 
damage zone size as well as the fracture toughness to elucidate the behavior of the 
rubber-modified epoxies.  It was found that localized shear yielding and matrix void 
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growth are the active toughening mechanisms in all rubber-modified epoxies in this 
study, however, matrix void growth was more prevalent. 
The second portion of this study investigated the use of three acrylate-based 
triblocks and four acrylate-based diblocks to modify a model epoxy system.  By varying 
block lengths and the polarity of the epoxy-miscible blocks, a variety of morphologies 
were generated (such as spherical micelles, layer particles and worm-like micelles).  It 
was found that in some cases, the epoxy-miscible block did not yield domains substantial 
enough to facilitate increases in toughness.  Overall, the thermal and mechanical 
properties of the acrylate-based triblock- and diblock-modified epoxies were found to be 
similar to CTBN-modified epoxy, which was used as a control.  However, there were 
properties that were improved with the acrylate-based diblock-modified epoxies when 
compared to the acrylate-based triblock modified epoxies.  Specifically, the viscosity 
penalty of the diblock-modified epoxies was shown to be a marked improvement over the 
triblock-modified epoxies, especially given that the fracture toughness values are similar.  
This reduction in the viscosity penalty becomes an important criterion when considering 
processing procedures and applications.  Additionally, comparing the morphology of the 
resulting modified-epoxies utilizing atomic force microscopy (AFM) and scanning 
electron microscopy (SEM) led to a better understanding of the relationship between the 
particle morphology obtained and the physical properties of the acrylate-based rubber-
modified epoxy systems in this research. 
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CHAPTER 1 
 
INTRODUCTION 
 
1.1. Motivation 
In order to be industrially useful, epoxies are typically modified with a 
toughening agent.  This allows for improved fracture resistance and more reliable 
packaging materials for microelectronics.  Therefore, it is the primary goal of this 
research is to better understand the toughening mechanisms and thermomechanical 
behavior of rubber-modified epoxies when compared to the model neat epoxy system.  
By investigating the effects that the addition of toughening agents have on the inherent 
epoxy matrix; it is then possible to attain a better understanding of how to model the 
toughening effects.  As a result, this work will focus on the variables to consider in order 
to more effectively improve the fracture toughness, specifically, interactions with the 
matrix and particle morphology. 
1.1.1.   Applications 
 
Epoxies are often used as underfill resins in microelectronic packaging to reduce the 
shear stress of the solder joints between the chip and the substrate that results due to the 
mismatch in the coefficient of thermal expansions (CTEs) [1].  Since epoxy-based resins 
react with an array of curing agents that can yield a wide range of properties, these resins 
can be tailored for each desired application [2].  However, while epoxies have good creep 
and adhesive properties as well as high strength, they are inherently very brittle.  It is, 
therefore, advantageous to improve the toughness of these brittle epoxy resins with 
rubber-toughing agents in order to increase the fatigue lifetime of the flip chip electronics 
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package [3].  As illustrated in Figure 1, the role of the epoxy as underfill is important to 
the success of the flip chip package with regard to reliability.  Toughening the epoxy is 
lucrative to the electronic packaging industry because it promotes a longer fatigue 
lifetime, as a result of improved fracture resistance.  
More recent studies have explored the use of rubber-toughened epoxy to improve 
the drop test reliability of portable electronics [4].  The results in Figure 2 show that 
implementing toughened underfill yields improved impact resistance of traditional lead- 
 
 
Figure 1: Schematic of flip chip packaging [5]. 
 
base solder as well as lead-free solder.  In order to meet current industrial standards, lead-
free solder must be used in place of traditional lead-base solder to reduce its 
environmental impact.  However, although it is more environmentally conscious, lead-
free solder is also inherently more brittle than traditional lead-base solder, so the use of 
modified epoxy becomes crucial.  Consequently, many researchers are interested in 
toughening epoxy in order to improve the reliability of lead-free solder. 
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Figure 2: Drop-test results for lead-free solder when underfill (UF) is varied [4]. 
1.1.2.   Improving Fracture Resistance 
 
In addition to flip chip applications, rubber-modified epoxies are used as 
structural adhesives in the automotive, and aerospace industry, as well as matrices in 
fiber-reinforced composites.  It has been established that the addition of rubber 
toughening agents leads to a marked improvement of fatigue resistance, as seen by Azimi 
et al. when relating the fatigue crack growth rate versus the crack driving force in order to 
investigate fatigue crack propagation resistance [6]. Figure 3 illustrates the findings of 
this work where it was determined that at slow crack growth rates (da/dN), the modified 
and unmodified epoxy displayed similar crack driving force (ΔK) behavior.  However, 
when the crack propagated through the material at an accelerated rate, the modified 
epoxy exhibited a marked increase in the crack driving force, indicative of the fact that 
the crack tip is substantial enough to allow toughening mechanisms to become active and 
allow for the dissipation of energy through the matrix via the rubber particles.  
Essentially this study deduces that when the plastic zone is large enough to encompass 
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the rubber particles and interact with the crack tip stress field, toughening mechanisms 
can become active.  Furthermore, this study indicates that smaller rubbery particles would 
be more effective in retarding crack growth rates at low crack driving force (∆K) levels.  
More recently, a study by Khoee and Hassani has confirmed that an epoxy resin 
reinforced with nano-elastomeric copolymer increases the adhesion strength of the 
unmodified epoxy resin.  By conducting a series of single-lap joint tests, the adhesion 
strength of nano-modified epoxies were examined with three substrates: aluminum, 
copper, and steel.  The results (see Figure 4) were that the modified epoxy had adhesion 
strengths substantially larger than the unmodified epoxies, which was attributed to a 
reduction of external stress concentrators, thereby enabling the adhesive to hinder crack 
propagation.  Upon analysis of the fracture surfaces, the rubber-modified epoxy was 
shown to exhibit localized shear yielding along with particle cavitation.  The ability for 
the rubbery particles to act as stress concentrators is the primary reason the rubber 
toughening agent was so successful in improving the adhesion strength of the neat epoxy.  
In order to better understand this energy dissipation phenomenon, this research focuses 
on the improvement in fracture toughness of nano-modified epoxies with regard to the 
contribution of each individual toughening mechanism on the overall toughness.  A 
quantitative description of the matrix plasticity will offer insight into the behavior and 
optimization of rubber-toughened epoxies. 
1.2. Overview of Epoxy Resins  
Epoxy resins are employed in an array of applications due to their high strength 
and stiffness as well as their good solvent resistance and thermal properties.  Defined as 
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Figure 3: Relationship between crack growth rate versus crack driving force, reproduced 
from [6] 
 
 
Figure 4: Lap shear strength versus weight percent nano-size rubber modifier [7]. 
polyether resins with multiple epoxy groups that can be crosslinked into thermoset form, 
epoxies can be reacted with a variety of curing agents and chain extenders in order to 
alter their thermal and mechanical properties [8].  Such diverse possibilities in terms of 
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properties makes them ideal for industries such as aerospace, automotive, industrial 
adhesives, coatings, and composites, among others. 
1.2.1.   Epoxy Resins 
 
Although epoxy resins have been used extensively as matrices, it is known that a 
high level of crosslinking results in a brittle material that is otherwise industrially 
impractical.  Therefore, for this dissertation, the focus will be on difunctional epoxies as 
they have been shown to yield the best results in terms of optimizing fracture properties 
via improved ductility of the matrix [9].  With regard to curing agent structure, it has 
been found that the rubbery modulus of the epoxy network remains the same whether the 
curing agent is aromatic or aliphatic in nature [10].  As seen in Figure 5, the chemical 
nature of the curing agent does not affect the rubbery moduli of the epoxy network; 
which is consistent with rubber elasticity theory.  Instead, it is the molecular weight 
between crosslinks, Mc, and the functionality of the crosslinker, fc, which are found to 
influence this property.  Both of these values also have an effect on the Tg of the resultant 
epoxy matrix.  
The ability to tailor the Tg of the epoxy network was demonstrated in one study 
by using multiply hydrogen-bonding reactive modifiers [11].  A more detailed analysis of 
a difunctional epoxy, namely a diglycidyl ether of bisphenol A (DGEBA), with a variety 
of aliphatic amines (Figure 6) was also conducted [12].  It was found that the 
thermomechanical properties of the epoxy network depended upon the amine curing 
agent utilized.  The epoxy cured with the amine with the highest crosslink functionality 
had the highest Tg, yield stress, and elastic modulus, while amines with lower crosslink  
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Figure 5:  Effect of curing agent chemical structure on the rubber modulus of the epoxy 
network, reproduced from [10]. 
 
  
Figure 6: DGEBA epoxy and four amine curing agents used for the study in [12]. 
 
functionality were able to improve the impact energy of the epoxy matrix, but with a 
subsequent decrease in the other physical properties (Figure 7).  It should be noted that 
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this is only a small fraction of the amine type curing agents available, so with a given 
epoxy system, the curing agent can be chosen so as to yield the desired properties. 
 
Figure 7:  Thermomechanical properties of the DGEBA epoxy resin with various amine 
curing agents in [12]. 
 
1.2.2.   Model Epoxy System 
 
The model epoxy system used in this dissertation is a DGEBA epoxy resin cured 
with piperidine.  Figures 8 & 9 illustrates the DGEBA epoxy resin and curing agent, 
respectively.  As mentioned earlier, the DGEBA is a difunctional epoxy resin, and 
therefore capable of crosslinking at two locations in its structure.  Piperidine is a 
heterocyclic amine with only one donor H atom capable of reacting with the epoxy.  As a 
result, once this single secondary amine group (donor H) reacts with the epoxide group, 
the catalytic mechanism progresses by means of the remaining tertiary amine [13].  This 
is believed to be the means by which the curing process of this system takes place.    
Additionally, since piperidine is classified as a catalytic curing agent, the curing 
temperature consequently affects curing speed and crosslink density [14]. Though not 
well understood, the crosslink density of piperidine-cured epoxy decreases with 
increasing cure temperature. 
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Figure 8:  Chemical structure of DGEBA epoxy resin [13]. 
 
 
Figure 9:  Chemical structure of piperidine curing agent [13]. 
 
1.3. Fracture Behavior of Epoxy 
Since epoxies are typically quite brittle, and tend to exhibit little plastic 
deformation during fracture, linear elastic fracture mechanics (LEFM) is often utilized to 
analyze their behavior [15].  Fracture toughness is typically measured via Mode I because 
in this case the material tends to behave in its most brittle manner.  To acquire a better 
understanding of the flaw tolerances of an epoxy matrix, LEFM will be utilized to ensure 
that the deformation is properly constrained in addition to being predicted and 
understood. 
1.3.1.    Linear Elastic Fracture Mechanics (LEFM) Approach 
 
Fracture mechanics allows engineers to predict the tolerance of a material as it 
relates to an existing imperfection.  In many cases, this is taken to be a crack or a void in 
the material that may affect mechanical properties such as modulus and yield strength.  
The first quantitative attempt to understand fracture was by A.A. Griffith who determined 
that, in the presence of a crack in a plate of elastic material, there must be a correlation 
between the decrease in potential energy via external loads and the increase in surface 
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energy resulting from crack formation [16].  In the classic example of a through-thickness 
crack in a large plate, as seen in Figure 10, the change in potential energy, U, in the 
presence of a crack is represented by the equation: 
        
      
 
         (1)  
or,            
      
 
     (2) 
,where U is the potential energy of body with crack, U0 is the potential energy of body 
without crack, σ is the applied stress, a is one-half crack length, t is the thickness, E is 
modulus of elasticity and γs is the specific surface energy.  By differentiating equation 2 
by the crack length and setting it to zero, the following equation represents the 
equilibrium condition 
     
     
 
  (3) 
However, the second derivative of this is negative, so equation 3 is not always valid.  As 
a result, Griffith rewrote equation 3 as 
  √
    
  
  (4) 
This relation was derived for an elastic material and is therefore not accurate for 
materials that are capable of plastic deformation.  As a result, Irwin amended Griffith’s 
theory to include an energy source term and to therefore define 
  
  
 as G rather than set 
  
  
  
to zero.  Irwin then proved that 
  √
  
  
    (5) 
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In order to better define the magnitude of stress at the crack tip, a parameter called 
the stress-intensity factor, K, was instituted.  Irwin defined K as 
   (   )  (6) 
,where K is taken to be a function of the configuration of the crack as well as the loads 
applied [16].  It has become common practice to define this function as Y (a/W), where 
there are solutions for common configurations and test sample geometries [17].  Stress 
intensity factors become an important parameter when deciding what material will be 
used for a specific application.  Often, the following equation is used in order to account 
for potential flaws and design a component that will resist failure 
   √    (7) 
In addition to fracture toughness, this research investigated the crack-tip plastic-
zone size, which developed where the stresses that the material experienced was higher 
than the yield strength.  As a result, it can be deduced from Figure 11 that the elastic 
stress    
 
√   
 will be greater than the yield strength, σys some distance, r, from the 
crack tip.  Therefore, the yield stress at the start of the plastic-zone is 
    
 
√   
  (8) 
In the plane stress case, the radius of the plastic zone is taken to be 
    
 
  
  
   
  (9) 
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Figure 10:  Schematic of a through-thickness crack in a large plate, taken from 
Deformation and Fracture Mechanics of Engineering Materials by R. W. Hertzberg [14]. 
 
For the plane strain case, where the triaxial stress field suppresses the plastic zone, a 
smaller plastic-zone radius is estimated to be 
    
 
  
  
   
  (10) 
In this study, a single-edge-notch three-point-bend (SEN-3PB) sample was 
utilized in accordance with ASTM D5045 and, using the function Y (a/W), an empirical 
solution for equation 6 [18].  Plane-strain fracture-toughness, KIC, was measured based 
on this principal.  Essentially, KIC is a material property that illustrates a material’s 
capacity to arrest a crack already present in the material.  However, this crack must be 
properly constrained according to Brown and Strawley [18, 19] namely, 
         ( )          (
   
   
)  (11) 
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Provided the cracks in this study were properly constrained, the relationship between the 
fracture toughness and the plastic zone size will be observed.  A better understanding of 
the toughening mechanisms present in the materials studied can be obtained through this 
relationship as well as subsequent microscopy studies. 
 
Figure 11:  Schematic of the onset of plastic deformation at the crack tip, taken from 
Deformation and Fracture Mechanics of Engineering Materials by R. W. Hertzberg [14]. 
 
1.3.2.    Variables Effecting Deformation Behavior of Unmodified Epoxy 
 
Epoxies are dependent on several variables in regard to deformation behavior: 
rate, temperature, and pressure.  When tested under different rates, a polymer will either 
exhibit chain reptation or sliding depending upon how brittle the polymer.  This behavior 
would lead to an increase in most mechanical properties with increasing test rate.  When 
a temperature change is exhibited, a similar reasoning is why at higher temperatures 
mechanical properties tend to be lower.  After a polymer has reached its glass transition 
temperature, the behavior will be more rubbery than glassy, and will therefore exhibit a 
decrease in most mechanical properties.  Pressure sensitivity of a polymer is based on the 
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fact that in tension a polymer is susceptible to premature fracture due to defects 
inherently present in the material.  This makes conducting a tensile test difficult and why 
a compression test is preferred.  Under compression, the yield stress is found to increase 
and be based on the inherent structure of the material rather than being a measure of the 
defect population.  For this reason, the compression yield stress will be reported in this 
dissertation and the tensile yield stress estimated from this experimentally determined 
value.  However, the main focus of this research is improving the fracture toughness of 
the otherwise brittle epoxy, so it is important to understand the toughening behavior 
exhibited by the epoxy before the addition of rubber particles. 
As observed by Argon, the plastic dissipation in a polymer must be accompanied 
by the propagation of a crack through a brittle polymer because the fracture energy 
needed for crack propagation has been determined to be too large for a truly brittle 
material [20].  When all of this is considered, it becomes obvious that the behavior of 
polymeric materials is inherently governed by its chemical structure, namely defects and 
bond formation.  At low test rates or higher test temperatures, unmodified epoxy is found 
to exhibit unstable crack propagation (stick-slip behavior), indicative of crack tip blunting 
which is attributed to localized plastic stretching [15].  This localized plastic stretching is 
defined as shear yielding, which results from stress concentrators, or defects, in the 
matrix.  In the case of a fracture toughness test, this defect is a crack, and it has been well 
demonstrated in the literature that very localized shear yielding in the crack-tip region is 
the means by which the neat resin possesses crack resistance [21].  The crack is arrested 
when the crack tip no longer possesses the energy needed to further crack propagation.  
 
 
17 
 
However, when the crack does propagate, the energy for continuous crack growth is 
lower than the energy release rate.  A damage zone is then formed at the crack tip in an 
attempt to arrest the crack via localized plastic deformation in the form of shear yielding.  
For the model epoxy system in this study, the damage zone is ~10 µm.  There exists some 
plastic deformation, but without rubber particles to facilitate plastic deformation of the 
matrix, the plastic deformation of the epoxy is minimal.  However, the fact that a damage 
zone even exists is clear evidence of the fact that the epoxy system used in this study has 
the potential to be toughened, and therefore, a good epoxy matrix for a systematic 
toughening mechanism study.       
1.4.      Yield Behavior of Rubber-Toughened Epoxies 
The concept of rubber-toughening epoxies revolves around the idea that the 
rubbery particles employed as toughening agents act as stress concentrators for plastic 
deformation of the epoxy matrix.  Even when hollow latex particles are utilized as 
toughening agents, shear bands at the crack tip still formed to alleviate the triaxial stress 
state present and result in subsequent matrix void growth [22].  However, factors such as 
the matrix crosslink density, rubber particle size, and morphology of the rubber particles 
must be taken into consideration. 
1.4.1.    Importance of Crosslink Density 
As discussed in the work of Pearson and Yee, another variable to consider 
regarding fracture toughness is the cross-link density [23].  Other studies have also 
examined the toughening effects of traditional telechelic oligomers used to modify epoxy, 
and it was found that when the crosslink density was decreased, there was an increase in 
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the fracture toughness due to the formation of micro-cavities ahead of the crack tip [24].  
More recently, nano-size block copolymer particles and core-shell rubber particles were 
also successfully used to evaluate the relationship between crosslink density with regard 
to fracture toughness [25].  While the modifier chosen does influence the capacity to 
toughen, it should be noted that if the epoxy matrix is not toughenable, or is highly 
crosslinked, then the fracture toughness will not be improved even with the addition of 
modifier.  Toughening modifiers are designed to enhance the ductility of the matrix, but 
if the structure of the matrix is heavily crosslinked, then there is not enough mainchain 
mobility to allow toughening mechanisms to become active [23].  This is because if the 
epoxy structure is too rigid, no deformation can occur in the matrix, and therefore the 
stresses in the material cannot be relieved in this manner.  In this research, a model epoxy 
system with a crosslink density of 5002 g/mol (lightly crosslinked) will be utilized to 
observe the toughening mechanisms present in the rubber-modified epoxy systems [23].  
1.4.2.    Effect of Particle Size 
Aside from the composition of rubber modifier, modifier particle size is also 
believed to have an effect on the capacity to toughen a brittle matrix.  In one study, it was 
deduced that with rubber particles less than 100 nm, cavitation can only take place if the 
volume of the rubber domain allows enough energy to be released; even if the stress state 
would allow for the initiation of cavitation [26].  Kim et al. have also experimentally 
determined that in order to toughen effectively, the rubber particle diameter should be 
larger than 0.2 µm since cavitation is difficult otherwise [27].  The concern raised in both 
studies was that the particle itself would lack the capacity to internally shear, or cavitate, 
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even if the surrounding stress state imparted by the matrix was conducive to cavitation.  
Figure 12 shows the fracture toughness limit with particle size, where the toughening 
limit is highlighted by a dashed arrow.  
Another study conducted by Bagheri and Pearson, however, has illustrated that 
the importance of particle size may be negligible [28].  In this study, 200 nm  rubber 
particles were compared with two µm rubber particles and it was found that for a given 
volume fraction of modifier, the fracture toughness values attained were nearly the same 
(Figure 13). 
 
Figure 12:  Particle size versus fracture toughness in core-shell rubber-toughened epoxy 
system [27]. 
Rather than strictly examine particle size, it is also important to note the 
interparticle distance of the rubbery particles in a rubber-modified epoxy system.  It has 
been shown that a rubber-modified epoxy goes through a brittle-to-tough transition by 
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decreasing the interparticle distance [29].  As discussed above, if the epoxy resin is 
capable of plastic deformation, the plane strain constraint of the epoxy matrix will be 
relieved by particle cavitation.  If these particles are in close proximity, then their stress 
fields will overlap which will facilitate the formation of shear bands and thereby increase 
the extent of plastic deformation surrounding the rubbery particles.  However, even with 
this theory, there is an optimum level that must be attained.  When the particle size 
decreases, the ligament thickness also decreases [30].  Therefore, theoretically, smaller 
particles would be more effective toughening agents.  It is also worth noting, however, 
that smaller rubbery particles may not cavitate, so this effectiveness has limitations with 
regard to the ligament length necessary to allow for plastic deformation of the epoxy 
matrix. 
It is important to note that a modifier with smaller particle size, SBM, will have a 
smaller inter-particle distance than one of a larger particle size, CTBN, therefore for the 
same volume fraction of particles the inter-particle distance for the SBM will be smaller.  
This argument goes along with the previously mentioned notion that if the crosslink 
density makes the epoxy very rigid, then the matrix becomes untoughenable.  Many of 
the rubber-modified epoxy systems in this study have uniform spherical morphology, so 
the effect of inter-particle distance is satisfactory.  However, it should be noted that co-
continuous microstructures have also been found with SBM-modified epoxy as well as 
some of the acrylate-based block copolymer-modified epoxies and this will also affect the 
resulting fracture toughness [31]. 
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Figure 13:  Fracture toughness versus volume fraction or modifier, comparing nm and µm 
scale rubber modifiers [28]. 
 
1.4.3.    Morphology 
Although particle size and matrix considerations have already been discussed, the 
particle morphology is equally as important.  The relationship between the rubber particle 
morphology and the resulting physical properties is of great interest to this research, and 
so the different types of particle morphologies are discussed.  In many cases, the ability 
for the particles to disperse and the phase separation characteristics of the rubbery 
particles are vital to understanding how to manipulate the epoxy matrix for a desired 
purpose. 
1.4.3.1.     Telechelic Oligomers 
 
For the last several decades, epoxy resins have been toughened using butadiene-
based copolymers such as carboxyl terminated butadiene acrylonitrile copolymers 
(CTBN) [32].  CTBN is a random copolymer that consists of butadiene and acrylonitrile.  
The acrylonitrile content dictates the miscibility of CTBN in the epoxy resin as well as 
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the resulting size of the CTBN particles [33].  Figure 14 shows a morphology map from 
the work of L. T. Manzione et al. that illustrates the size of particles as a result of time 
and temperature of gelation [34].  The general trend is that for a faster cure, the CTBN 
particles will be smaller.   
 During cure, CTBN will phase separate out of the epoxy matrix due to a decrease 
in the solubility.  However, more than just solubility will dictate the extent of phase 
separation exhibited by the CTBN particles.  A study by Moschiar et al. found that an 
increase in the initial rubber content in an ETBN (epoxy terminated instead of carboxyl 
terminate butadiene acrylonitrile) system will yield and increase in: the volume fraction 
of dispersed phase, average diameter and rubber concentration after cure [35].  Williams 
et al. specifically investigated the relationship between the point where phase separation 
begins with respect to gel conversion [36].  It was concluded that the more time between 
phase separation with respect to gel conversion would result in the following properties: 
an increase in the concentration of dispersed particles and volume fraction of the 
dispersed phase, and a decrease in the amount of residual rubber in the matrix [36].  
Increasing the cure temperature was also found, by Pascault et al., to affect CTBN by 
increasing the average size of dispersed domains [17].  It was also noted in this study that 
this trend is observed when the morphology is controlled by phase separation as opposed 
to polymerization rate.  
 Although traditional toughening modifiers such as CTBN are effective in 
toughening the epoxy matrix, studies have shown that an increase in toughness typically 
correlates to a hindrance in mechanical properties. Pearson and Yee found that adding 
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CTBN improved fracture while decreasing the yield stress, σy, Young’s modulus, E, and 
glass transition temperature, Tg [37, 38].  Additionally, it was noted that the larger plastic 
zone size was observed, corresponding to an increase in the shear yielding of the matrix 
and, subsequently, higher fracture toughness.  The major factors that contribute to the 
effects on physical properties are: inter-particle distance, morphology and retention of 
polybutadiene in the epoxy matrix.  It is vital to understand how these parameters affect 
 
Figure 14:  Morphology map of CTBN particles in epoxy provided by [34]. 
 
the physical properties of a modified-epoxy in order to deduce what happens at the 
structural level. 
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1.4.3.2.     Core-Shell Rubber Particles 
 
 Core-shell rubber (CSR) modifiers are designed such that the outer shell is made 
of an acrylate-based hard shell formulated to be compatible with the epoxy matrix, while 
the polybutadiene-styrene core promotes toughness.  These particles are preformed, 
which offers uniformity far superior to traditional telechelic oligomers as well as most 
block copolymers.  The incorporation of these preformed particles has also been shown to 
reduce internal stresses of the epoxy after cure [39].   
 It has been observed that the dispersability of core-shell rubber particles is an 
important variable to the fracture toughness.  Crosslinking of the shell portion of the CSR 
particle was shown to increase particle dispersion and decrease segregation [40].  This 
particular study showed that a co-continuous micro-segregation of the CSR particles 
increased the toughness most due to cooperative cavitation of the CSR particles.  When 
comparing a crosslinked shell to an uncrosslinked one, with the same core, it was found 
that without crosslinking the shell, the area around the particle was locally plasticized, 
indicating local interactions with the epoxy matrix.  Figure 15 shows the improvement in 
toughness observed without crosslinking the shell of the CSR particle. Similar results 
were found by Lin and Shieh when examining a shell-crosslinked CSR particle with a 
core-crosslinked CSR particle.  The results of this study were that the shell-crosslinked 
CSR particles experienced higher toughening effects because of local clusters that 
formed, while the overall dispersion remained intact [41].  In both cases, it was found that 
when micro-clusters were allowed to form, the increase in fracture toughness was 
substantially larger than with uniform particle dispersion. 
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Figure 15:  Graph of fracture toughness versus rubber content o crosslinked and non-
crosslinked shells [40]. 
1.4.3.3.     Block Copolymers 
 
Block copolymers possess a structure such that one block is immiscible in the 
epoxy precursors and another block is initially miscible.  Such block copolymers self-
assemble into nano-scale phases during network formation [42]. 
 F. S. Bates has done extensive research in the field of nanostructured block 
copolymer modified epoxies [43, 44].  In these studies, poly (ethylene oxide)-poly 
(ethylene-alt-propylene) (PEO-PEP) and poly (methyl methacrylate-ran-glycidyl 
methacrylate)-poly (2-ethylhexyl methacrylate) (P (MMA-ran-GMA)-PEHMA) were the 
diblock copolymers used.  Figure 16 illustrates the morphology results of the toughened 
epoxy resins: spherical micelle, wormlike micelle and vesicle [43]. 
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Figure 16:  Transmission electron microscopy images of spherical micelle, worm-like 
micelle, and vesicle morphologies obtained by Bates et al. [43] 
 
 Another study by Bates et al. focused on the micellular structure and mechanical 
properties of epoxies modified with block copolymers [44].  This research used PEO-PEP 
diblock copolymer with PEO volume fractions of 0.5-0.26 and yielded spherical micelle 
and vesicle morphologies.  Most importantly, the modulus decreased only by 0.6 GPa, 
but the fracture toughness was improved by .89 MPam
0.5
 when compared to the average 
[44].  Consequently, the advantages of block copolymers become readily apparent when 
improvements in toughness are observed without a proportional decrease in mechanical 
properties.  Controlling the morphology via the block lengths continues to be an area of 
active research. 
 Similar studies of PEO-PEP done by Lipic et al. have also shown the 
nanostructured morphologies possible by triblock copolymers [45].  Analogous to the 
triblock copolymer morphologies observed in the studies done by Lipic are those of the 
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polystyrene-block-polybutadiene-block-poly (methyl methacrylate) (SBM) triblock 
copolymers studied by J.P. Pascault et al. [46, 47].  Since there are three components in 
the SBM triblock copolymers, there are two variables (based on SBM chemical structure 
alone) that will dictate the morphology of the resulting nanocomposite: the volume 
fraction of S and B and the immiscibility of M in the epoxy.  Figure 17 shows a 
schematic of the organization of such ABC triblock copolymers. 
 
Figure 17:  Schematic representation of an SBM-modified thermoset before and after 
curing [46]. 
 
In order to better understand the structure formation of SBM particles, a 
schematic has been provided in Figure 18 illuminating the formation of the SBM micelles 
[48].  As illustrated in the figure, the SBM forms a rigid styrene core, surrounded by a 
polybutadiene shell, which is also encompassed by methyl methacrylate ligands.  It has 
been deduced that this particular structure is characteristic of an SBM type where the 
immiscible middle block is in the minority and has been called the spheres on spheres 
type morphology [49].  This structure not only allows for more particles with less rubber, 
but also dictates the space between particles via the ligands of methyl methacrylate.  In 
addition, this morphology is uniform throughout the matrix and does not form large 
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domains of rubber, substantially different from the morphology of CTBN in terms of 
structure.   
 
 
Figure 18:  Schematic of nano-structure self-assembly of SBM in a DGEBA epoxy matrix 
[48]. 
 
Subsequent studies conducted by Pascault et al. have found that the SBM in a 
DGEBA-based epoxy, cured with Jeffamine, increases the KIC of the epoxy matrix by 2.2 
MPa-m
0.5 
[31].  Interestingly, it was found in this study that the SB impurities present in 
the overall polybutadiene (PB) portion of the blend increased the fracture toughness.  
This would imply that the overall weight percent of PB has a direct impact on the 
capacity for the SBM triblock copolymer to toughen epoxy. 
In a study by Pearson and Hydro, two different SBM triblock copolymers were 
observed.  It was concluded that the smaller amount of PB in the one modifier was at 
fault for the lack of toughenability of the epoxy matrix.  Surprisingly, the fracture 
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toughness is increased without significant hindrance of the yield stress.  This result is 
thought to be due to the small domain size of the PB [47].  Though some physical 
properties of SBM-modified epoxy were discussed briefly in order to relate the 
morphology with the subsequent mechanical properties, it is also important to note what 
is happening at the structural level to these modified epoxy composites.  Therefore, the 
next section is dedicated to the factors that alter the physical properties of rubber-
modified epoxy. 
1.5. Fracture Behavior of Rubber-Toughened Epoxies 
There are many physical properties that are affected by characteristics of the 
rubber-based toughening agent such as compatibility with the epoxy matrix, particle size 
and shape, morphology, and the degree of phase separation of the rubbery phase [50].  
The factors to be mindful of are those that affect the ability of the matrix to ductility 
deform.  It is also worth noting that with the advent of block copolymers, morphology 
will play an integral role in the ability to improve physical properties.  Particle-particle 
interactions is also an important parameter in block copolymer-modified blends as well as 
with preformed core-shell particles, because more than with traditional micron-size 
modifiers, the nano-size modifiers will inevitably have more of a dependency on 
neighboring particles since there exists more particles in block copolymer blends than 
traditional telechelic blends given the same amount of monomer by weight.  All of these 
factors will contribute to the overall effect that toughening modifiers have on the epoxy 
matrix, so it is important to take them into consideration when predicting, modeling and 
explaining toughness as well as toughening mechanisms [31]. 
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Bagheri and Pearson studied the role of particle cavitation in rubber-toughened 
epoxies as it relates to inter-particle distance [29].  It was concluded that the fracture 
toughness in toughened blends goes through a ductile-to-brittle transition with increasing 
inter-particle distance.  The reasoning behind this result is the change in stress state 
created by the voided particles.  In this particular study, it was shown that the modified 
epoxy goes through a brittle-to-tough transition with decreasing inter-particle distance.  
As a result, it can be thought that the role of particle cavitation is to relieve the plane 
strain constraint from the surrounding matrix, allowing for plastic deformation in the 
ligament.  Depending on the cure schedule and processing conditions, the rubbery phase 
of the toughening modifiers could potentially be present in the epoxy matrix [51].  A 
study by Saleh et al. has shown that mechanical properties such as tensile strength and 
Young’s modulus decrease in the presence of low modulus rubber particles in the epoxy 
matrix.  This is a result of a chemical effect or a softening effect.  In the case of a 
chemical effect, there will be some rubber that remains in the epoxy phase which not only 
lowers Tg, but strength as well.  The softening effect results from the rubber particles 
present in the epoxy matrix that are much softer than the matrix itself.  In a study by 
Pearson and Yee, the Tg of a CTBN-modified epoxy system containing    phr of 
modifier was only altered by   C.  This result indicates that very little rubber is present in 
the epoxy matrix, so it follows that the decrease in the tensile modulus would be minimal, 
0.8 GPa in this case [52].   
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1.5.1.    Toughening Mechanisms 
 
 The work of Pearson, Hertzberg and Yee [37, 38, & 53] focuses on the fracture 
toughness performance of CTBN in a diglycidyl ether of bisphenol A (DGEBA) system 
cured with piperidine.  Toughening mechanisms that are recognized in the literature are 
summarized in the work of Azimi, Pearson and Hertzberg, where it is noted that the three 
main toughening mechanisms are: 1. localized shear yielding, 2. plastic void growth and 
3. particle bridging [53].  The work of Huang and Kinloch [54, 55] recognizes that a 
model predicting fracture toughness needs to account for these various energy-dissipating 
mechanisms present in a toughened system and their individual contributions to the total 
toughness.  However, a better understanding of the overall toughness is gained when the 
reader knows how each toughening mechanism is defined.  Localized shear yielding 
refers to the shear banding within the epoxy matrix that manifests between the rubber 
particles since the epoxy matrix is now ductile enough to support plastic deformation.  
Depending on the system being studied, void growth is initiated by cavitation or 
debonding of the rubber particles.  This originates from the fact that the triaxial stress 
state at the crack tip gives the rubber particles no choice but to cavitate since the 
Poisson’s ratio of rubber is about a half.  Finally, rubber particle bridging occurs behind 
the crack tip and is when the particles themselves act to arrest the crack.  A schematic in 
Figure 19 illustrates these accepted toughening mechanisms.  In the CTBN system, 
cavitation is the dominant toughening mechanism observed. 
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Figure 19:  Schematic of the three accepted toughening mechanisms adapted from Huang 
and Kinloch [34]. 
1.5.1.1.     Matrix Void growth 
 
Void growth occurs in a rubber-modified epoxy when the rubbery particles either 
cavitate or debond from the matrix, before the onset of strain-hardening of the 
thermosetting matrix [21].  The criteria for matrix void growth revolve around the fact 
that the bulk modulus (K) of the rubber particle will be approximately the same as the 
bulk modulus of the epoxy matrix.  Therefore, since the rubber particle is also rigid when 
subjected to triaxial stresses, the rubber particle will be very resistant to any volumetric 
deformation [21].  It then becomes essential for the rubber particle to either cavitate or 
debond in order to facilitate any significant plastic dilation in the matrix.  When a rubber 
particle exhibits high adhesion to the epoxy matrix, internal cavitation of the particle is 
observed.  However, if relatively weak adhesion is obtained, debonding of the particle 
from the matrix is observed. 
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1.5.1.2.     Localized Shear Yielding 
 
In the previous section, it was discussed that void growth occurs in an effort to 
compensate for the plane strain conditions at the crack tip.  Since internal cavitation or 
debonding at the particle-matrix interface can greatly reduce the degree of triaxial 
stresses acting in the epoxy matrix adjacent to the rubber particle, the reduction in stress 
can then enable further growth of the shear bands in the epoxy matrix [21].  This plastic 
deformation is localized because of a combination of post-yield strain-softening of the 
epoxy matrix and the fact that shear banding starts at one particle and terminated at 
another.   
1.5.2.    Huang and Kinloch Predictive Model 
 
 A quantitative means of modeling the toughening mechanisms in rubber-modified 
epoxy polymers was derived by Huang and Kinloch [54, 55].  In this work, the fracture 
energy of a rubber-toughened polymer is described by 
             (12) 
,where GIC is the fracture energy, GIcu is the fracture energy of the neat epoxy and Ψ 
represents the overall toughening effect of the toughening modifier.  Ψ can be broken 
down to include the contributions from the three toughening mechanisms described 
previously.  Therefore, Ψ is described as 
               (13) 
,where ΔGs is the fracture energy due to shear banding, ΔGv is the fracture energy due to 
plastic void growth and ΔGr is the fracture energy due to rubber particle bridging.  The 
equation 
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          ∫   ( )  
  
 
  (14) 
,where Us(r) is the strain energy density that is generated from the shear banding 
mechanism and r is the distance from the crack tip.  Equation 14 was integrated from 0 to 
ry, which represents the radius of the plastic zone ahead of the crack tip.  This yields a 
fracture energy equation that represents the shearing of the rubber particle system given 
by 
                 (  )  (15) 
,where Vf is the volume fraction of particles, σyc is the compressive yield stress of the 
neat resin and γf is the yield strain of the neat resin.  F (ry) is represented by the equation 
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In order to describe the increase in the plastic zone size, a relation had to be determined.  
By relating Kvm, the maximum stress concentration factor of the von Mises stress in the 
plastic matrix, μm, a material constant, and ryu, the plastic zone size for the neat resin, the 
following relation has been derived 
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Based on equations 15 through 17, the rubber particle shear component of the overall 
fracture energy can be written as 
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 The contribution to the overall toughness via plastic void growth is ΔGrpv in the 
case of a matrix toughened by rubber particles.  An expression for void growth begins 
 
 
35 
 
with equation 14 since both components are related to the size of the plastic zone.  It is 
also important to consider the strain-energy density, Uv, for a void to grow.  This is given 
by the equation 
  ( )   ∫    
  
  
  (18) 
,where the strain-energy density is determined over a volume V0 to V1 by integrating p, 
the local hydrostatic stress in relation to the volumetric strain, dθ.  The volumetric strain 
is given by the relationship dθ= VfdV/V, where Vf and V are the volume fraction and 
average volume of voids, respectively.  The hydrostatic stress in this case assumes linear 
elastic fracture mechanics (LEFM) and so it can be deduced that p is approximately 
 .5σyt, where σyt is the tensile stress of the material.  It has also been determined that V1 
and V0 are related to the volume fraction of rubber, Vfr, and volume fraction of voids, Vfv, 
by the following equation 
  
  
  
   
   
  (19) 
By substituting equation 19 into equation 18 as well as taking into account the 
assumptions made, the equation for the strain-energy density becomes 
  ( )        (       )  (20) 
The contribution to the increase in fracture energy from the plastic void mechanism can 
then be given by 
       (  
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 The contribution of rubber particle bridging on the fracture toughness has been 
proposed by Kunz-Douglass et al.  It was found that the fracture energy due to particle 
bridging, ΔGr, is given by 
       ( )     (22) 
,where Γf (T) represents the tearing energy of the rubber particles.  In the study 
performed by Kunz-Douglass et al., measurements of the tear energy were taken at 
different temperatures and essentially measured the energy dissipated during the 
stretching of these rubber particles [56].  This was then related to the toughening 
contribution by the volume fraction of rubber particles.  Although this toughening 
mechanism is effective in some systems, the CTBN and SBM-modified systems in this 
study do not appear to obtain a significant amount of toughening via rubber particle 
bridging. 
 Although values of KIC were experimentally measured in this research, assuming 
LEFM, GIC can be calculated using the relation 
     
    
 
(    )  (23) 
,where E is Young’s modulus and ν is the Poisson’s ratio of the epoxy.  By combining the 
results of mechanical tests and microscopy studies, it was deduced whether CTBN and 
SBM-modified epoxy fit the Huang and Kinloch toughening model. 
1.6. Objectives 
 The objective of the first portion of this study is to characterize the 
thermomechanical properties of three different types of rubber-modified epoxies: a 
telechelic oligomer, a core-shell rubber particle, and a triblock copolymer.  By evaluating 
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these properties, it will then be possible to deduce the overall effect the addition of the 
toughening agents has on the inherent structure of the epoxy matrix.  More specifically, 
dynamic mechanical analysis (DMA) will be essential in developing a better 
understanding of the local plasticizing effects of the rubber-modified epoxies, which will 
give insight into the extent of the active toughening mechanisms and their efficiency. 
 In the next portion of this study, extensive microscopy will be conducted in order 
to determine the contributions of the individual toughening mechanisms present in the 
rubber-modified epoxies (from the first portion of this study) as it relates to the overall 
improvement in the fracture toughness.  By quantifying these contributions, the effects of 
manipulating the rubbery particle-matrix interactions will be better understood.  Once this 
effect is observed, the optimizing of properties with regard to improving the overall 
fracture toughness while maintaining thermomechanical properties of the epoxy resin can 
be accomplished. 
 Finally, the third section of this study will focus on modifying epoxy with diblock 
and triblock acrylate-based copolymers.  The block lengths and miscible block will be 
altered so as to gain a better understanding of phase formation and morphology.  
Additionally, the thermomechanical behavior will be observed in order to correlate the 
morphologies with the resulting physical properties.  Tailoring the morphology of block 
copolymers remains an area of active interest for the implications it has on controlling the 
particle morphology based on block copolymer composition. 
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CHAPTER 2 
 
TOUGHENING OF EPOXIES: COMPARING SELF-ASSEMBLING BLOCK 
COPOLYMERS WITH CORE-SHELL PARTICLES AND TELECHELIC 
OLIGOMERS: PART 1. PHYSICAL ANDMECHANICAL BEHAVIOR 
 
2.1.     Introduction 
The primary focus of this study is to compare physical and mechanical properties 
of a model epoxy that has been toughened with one of three different types of rubber-
based modifier:  a traditional telechelic oligomer, a core-shell latex particle and a triblock 
copolymer.  The effect of modifier content on the physical properties of the matrix was 
determined using several thermal analysis methods, which provided insight into any 
inherent alterations of the epoxy matrix.  Although the primary objective is to improve 
the fracture toughness, stiffness and strength were also determined since these properties 
are often reduced in rubber-toughened epoxies.  It was found that since the CSR- and 
SBM-modified epoxies are composed of less rubber, the thermal and mechanical 
properties of the epoxy were maintained.  Additionally, the complex morphology of the 
CSR- and SBM-modified epoxies were found to more effectively improve fracture 
toughness via facilitating shear deformation of the epoxy matrix. 
2.1.1.     Rubber-Toughened Epoxies 
 
In order to improve the flaw tolerance of otherwise-brittle epoxy resins, the 
addition of soft rubbery particles is often employed [1-7].  For rubber-toughening of 
epoxies to be effective, the inherent properties of the epoxy matrix must allow for plastic 
deformation of the matrix.  Therefore, the effects of intrinsic matrix variables such as 
chemical structure, monomer molecular weight and crosslink density on the fracture 
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toughness of rubber-modified epoxies have been studied in the literature [8-10].  This 
portion of the study will focus on the thermomechanical properties of the rubber-
modified epoxies and, specifically, the effect the addition of the rubber particles have on 
the structure of the epoxy matrix.  
Although dramatic increases in fracture toughness can be observed with the 
addition of rubber modifiers, such additions will reduce other mechanical properties such 
as Young’s modulus and yield strength.  The magnitude of these reductions are related to 
the amount of soft phase present in second phase particles as well as the amount of 
modifier dissolved in the epoxy system.  Interestingly, core-shell rubber particles and 
self-assembling block copolymers have shown to improve fracture toughness without 
significantly diminishing other mechanical properties of the epoxy matrix [11, 12].  Since 
these rubber particles offer optimal mechanical and thermal properties in addition to 
increasing fracture toughness, investigating the effect of rubber particle morphology on 
physical properties is the primary focus of this study. 
2.1.2.     Morphology of Various Types of Rubber Particles 
 
Traditional telechelic oligomers, such as carboxylic acid terminated copolymers 
of butadiene and acrylonitrile (CTBN) phase separate upon cure, but still retain some 
epoxy in the rubber phase and some CTBN in the epoxy phase [13].  While this type of 
rubber modifier improves fracture toughness, reductions in other properties have 
encouraged research in other particle approaches to rubber-toughened epoxies. 
Core-shell rubber particles are designed such that the outer shell is made of an 
acrylate-based hard shell formulated to be compatible with the specified matrix, while the 
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cross-linked polybutadiene-styrene core promotes toughness. These particles are 
preformed, which offers uniformity far superior to traditional telechelic oligomers as well 
as most block copolymers. 
The triblock copolymers in this study are composed of equal parts of all three 
blocks: styrene, butadiene and methyl methacrylate, which compose the core, shell, and 
ligands, respectfully.  While this structure is similar to the core-shell rubber particles, the 
triblock copolymer self-assembles to form a spherical micelle upon cure (when the 
butadiene phase separates) compared to being preformed [14-16].  The major difference 
between the rubber-modifiers used in this study is the butadiene (soft phase) content and 
the particle size.  More butadiene is present in the telechelic oligomer than in the core-
shell and triblock rubber modifier, which have approximately the same butadiene content.  
As determined by Chapter 3 of this study, the average particle size of the telechelic 
oligomer, core-shell, and triblock copolymer are 52.6 nm 60.1 nm and 1.89 µm, 
respectively.  Therefore, it is important to keep in mind the potential of a particle size 
effect having an impact on the increase in fracture toughness [17].  Complex particle 
morphologies have also been found to affect the increase in fracture toughness by more 
efficiently promoting matrix plasticity without the addition of more soft phase, the 
primary focus of Chapter 3 of this dissertation.   
2.1.3.     Toughening Mechanisms 
 
Although quantitative modeling of toughening mechanisms will be reviewed in 
Chapter 3, it is important to qualitatively describe such mechanisms in this part of the 
study because the increase in fracture toughness and retention of other important 
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mechanical properties have been attributed to the efficiency and extent of the active 
toughening mechanisms in the rubber-modified epoxies characterized in this research.   
In general, there are three accepted toughening mechanisms in the literature: 
localized matrix shear yielding, plastic matrix void growth and rubber particle bridging 
[18, 19].  The existence of rubber particle bridging is acknowledged but there are many 
papers in the literature that have proven that this mechanism is not a major contributor to 
the increase in toughness  in ductile rubber-toughened epoxies, so the focus will be on 
localized shear yielding and plastic void growth.  Both mechanisms attribute increases in 
fracture toughness to be a result of the ability of the epoxy matrix to plastically deform, 
which is facilitated by the cavitation of the rubber particles.  This notion becomes crucial 
to understanding the increases in fracture toughness and fracture energy in the rubber-
modified epoxies observed in this study.  Modeling the increase in fracture energy 
becomes vital to determining the contributions of the individual toughening mechanisms 
to the overall increase in fracture energy [6, 20]. 
2.2.     Experimental 
This portion of the study has a focus on mechanical and thermal behavior as it 
relates to the particle morphology.  Therefore, electron microscopy will be used to 
illuminate the particle morphology and differential scanning calorimetry (DSC) along 
with dynamic mechanical analysis (DMA) will be used in conjunction with mechanical 
testing to elucidate the relationships between the structure and the properties. 
2.2.1.     Materials 
 
In this study, a lightly cross-linked model epoxy system was used, composed of a 
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diglycidyl ether of bisphenol A (DGEBA) epoxy cured with piperidine (Sigma Aldrich).  
The DGEBA resin, donated by the Dow Chemical Company, has the designation of Dow 
Epoxy Resin (D.E.R.) 331 and has an epoxy equivalent weight of 187 g/eq.  Piperidine 
was added at a ratio of 5 parts-per-hundred parts (phr) epoxy resin in order to activate the 
catalytic cure mechanism. 
Three types of rubber-based toughening agents were used in this study: carboxyl-
terminated butadiene acrylonitrile (CTBN) reactive oligomers, core-shell rubber (CSR) 
particles and a block copolymer of styrene-butadiene-methyl methacrylate (SBM).  
CTBN was supplied by Emerald Performance Materials with the designation CTBN 
1300x8; this was received as 100% liquid rubber.  CSR-rubber particles were supplied by 
the Kaneka Texas Corporation with the designation Kane Ace MX120; which was 
received as a 25% concentrate of CSR in bisphenol A based epoxy.  A triblock 
copolymer of poly (styrene-block-butadiene-block-methyl methacrylate), SBM, was 
supplied by Arkema, Inc. with the designation Nanostrength® E20 SBM; and was 
received in powder form. Note that the SBM-rubber modifier was first made into a 25 phr 
master batch via mechanical mixing at 80°C for two hours followed by mechanical 
mixing at 150°C for two hours under vacuum.   
2.2.2.     Processing 
 
In order to reach the desired concentration of toughening agent, the CTBN resin, 
CSR/epoxy concentrate and SBM/epoxy concentrate were diluted with the appropriate 
amount of DGEBA resin.  Once diluted, the modified-epoxies were mechanically mixed 
for four hours.  For the first two hours, all mixtures were kept at 80°C while being 
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mechanically stirred.  A vacuum was then applied for the next two hours, but while the 
CTBN- and CSR-modified epoxy was kept at 80°C, the SBM-modified epoxy was raised 
to 150°C to ensure that the methyl methacrylate (hard block) of the block copolymer was 
sufficiently dissolved in the epoxy.  All mixtures were then injected with 5 phr of the 
curing agent, piperidine, at 80°C and stirred for 10 minutes under vacuum.  Mixtures 
were then poured into a preheated, Teflon-coated, aluminum mold and cured for 6 hours 
at 160°C.  The mold was allowed to equilibrate to room temperature overnight and the 
resulting nanocomposite plaques were machined into ASTM D5045 single edge notched 
three point bend (SEN-3PB) specimens for fracture toughness testing. 
2.2.3.     Morphology 
 
Bright field scanning transmission electron microscopy (BF-STEM) was 
conducted at 30kV on a Hitachi S-4300SE/N scanning electron microscope (SEM) on 
specimens that were cryo-microtomed and OsO4 stained at the University of 
Massachusetts Medical School.  In order to focus on one plane of the material, a STEM-
IN-SEM technique was utilized which allowed for particle dispersion and morphology to 
be observed. To execute this technique, a standard STEM-IN-STEM specimen holder 
(Hitachi) was used with the dedicated STEM detector of the Hitachi S-4300SE/N SEM.  
The STEM detector is located below the specimen chamber, along the optical axis of the 
electron column and collects transmitted electrons.  This procedure yielded a bright field 
image of the stained specimens with proper phase-contrast so that morphology was 
clearly observed [21].  
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2.2.4.     Thermal Analysis 
 
The glass transition temperature, Tg, was determined with a TA Instruments 
Q     differential scanning calorimeter (DSC).  In Tzero™ hermetically-sealed pans, 3-
5 mg of each sample underwent two thermal cycles to erase any previous thermal history.  
A standard test run was performed from 25-150°C at a ramp rate of 10°C/min in order to 
observe the Tg transition.  TA Thermal Analysis Software was then used to determine the 
Tg by the midpoint method using an average of two samples for each concentration. 
Storage and loss modulus, G’ and G”, were observed using an ARES Rheometer (for 
dynamic mechanical analysis (DMA)) from 25-150°C via a dynamic temperature step 
test.  The frequency was set to 1 Hz and a soak time of 300 seconds was used for each 
5°C step.  Maximum strain was set to .2 % and specimen geometry was approximately 
12.5 mm x 50 mm x 3 mm.  An AutoTension Adjustment was used with an initial static 
force of     g to prevent buckling due to thermal expansion.  G’ and G” were plotted 
versus temperature to observe the glass transition and the rubbery plateau. 
2.2.5.     Mechanical Testing 
 
Fracture toughness, KQ, was determined using SEN-3PB specimens according to 
ASTM D5045-99.  Samples were first notched using a jeweler’s saw and then precracked 
with liquid nitrogen-dipped razor blades.  A screw-driven universal testing machine, 
Instron model 5567, was used at a crosshead speed of 1 mm/min in compression mode 
using a 500 N load cell.  Load vs. displacement plots were generated, where maximum 
load was determined.  Average crack length was determined by measuring the surface of 
a fractured sample at both sides and in the center with calipers.  An average KQ was 
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calculated from a minimum of 5 samples for each composition. 
The same screw-driven universal testing machine was used to determine 
compressive yield stress, σys, according to ASTM D790 with a crosshead speed of 1 
mm/min using a 500 N load cell.  Fixtures for this test were polished so that smooth 
parallel faces were obtained to assure the accuracy of the test.  Although further 
lubrication was not used, the data presented in this work is comparable to the literature, 
where poly (tetrafluoroethylene) sheets were utilized to prevent any barreling effects 
[22].  Specimen geometry for this test was 6 mm x 6 mm x 12 mm and an average of at 
least 5 samples from each concentration were reported. 
Finally, an apparent tensile modulus was calculated by using an ARES Rheometer 
via a dynamic strain sweep test.  All samples were run at room temperature, 25 °C, and 
set to a frequency of 1 Hz.  Sample geometry was approximately 12.5 mm x 50 mm x 3 
mm.  A linear strain sweep was then performed from .02-.2% with a strain increment of 
.02% in order to plot shear stress versus shear strain.  Once shear stress versus shear 
strain was plotted in Microsoft Excel, an apparent modulus could then be calculated.  
Using the Equation E= E*(1-v
2), Young’s modulus could then be determined for further 
analysis since E* was experimentally determined and v (Poisson’s ratio) is known [ 3]. 
2.3.     Results and Discussion 
Determining the glass transition temperature and examining the storage and loss 
moduli of the rubber-modified epoxies allowed for analysis of the local plasticizing 
effects imposed on the epoxy matrix by the rubber modifiers.  Mechanical testing was 
then conducted to elucidate the deformation behavior.  This will all be combined with 
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Chapter 3 of this dissertation, which conducts extensive microscopy, to give a complete 
picture of the toughening behavior of these rubber-modified epoxies. 
2.3.1.     Thermal Analysis Results 
 
DSC was utilized to observe the effect each rubber-modifier had on the glass 
transition temperature, Tg.  Figure 1 illustrates the glass transition behavior of 15 phr 
SBM-, CSR- and CRBN-modified epoxy, respectively.  The results show that while the 
SBM- and CSR-modified epoxy exhibit similar behavior to the unmodified epoxy (not 
shown); the CTBN-modified epoxy is significantly different.  While the SBM- and CSR-
modified epoxies still maintain a relatively sharp glass transition (steep step change), the 
CTBN-modified epoxy exhibits a broad step change on heat flow.  This increase in 
breadth of the transition is attributed to the larger amount of rubber present in the CTBN-
modified epoxy compared to the SBM- and CSR-modified epoxy.    
 
Figure 1: DSC plot of heat flow versus temperature for 15 phr of the CTBN-, CSR-, and 
SBM-modified epoxy. 
 
A comparison of Tg versus modifier content is found in Figure 2, where it is 
evident that the SBM- and CSR-modified epoxy does not alter the Tg of the unmodified 
epoxy in a way that is statistically significant.  It should be noted that these values of Tg 
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were determined via the midpoint method utilizing DSC.  Similar results have been found 
in the literature where SBM- and CSR-modified epoxies do not experience a significant 
change in Tg [11, 24].  Although it can also be seen in Figure 1 that the Tg of the SBM-
modified epoxy seems to differ slightly compared to the CSR-modified epoxy, the DSC 
cannot resolve this small change in the curve.  Thus, an overall understanding of the 
effect of Tg is observed, but it is unclear what is occurring structurally to the matrix to 
cause deviations in Tg.  Since the DSC was not sensitive enough to observe these 
changes, DMA was utilized.   
 
Figure 2: Tg results from DSC testing, illustrating that only 10 and 15 phr CTBN-modified 
epoxy seem to significantly decrease the Tg. 
 
In order to more clearly observe the storage and loss moduli, G’ and G’’, 
respectively, DMA was employed.  To clearly illustrate the G’ curve differences, the neat 
resin curve has been traced with the bold dashed line and the 15 phr concentration of each 
modifier has been traced with a fine dashed line so the trends can be more easily 
observed, as seen in Figure 3. 
As expected, the G’ curve for the CTBN-modified epoxy shifts down and to the 
left with increasing CTBN content [13].  This was also seen in research conducted by 
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Figure 3: G' versus temperature curves for CTBN-, CSR-, and SBM-modified epoxy, from 
top to bottom, respectively. 
Franco et al. where an increase in the amount of amine terminated polyoxypropylene 
elastomer was found to have similar effects on the G’ in the same DGEBA-based epoxy 
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matrix [25].  In both instances, the plateau modulus was also shown to decrease with 
increasing CTBN content, indicating that the presence of the rubber phase has impacted 
the inherent structure of the epoxy matrix.  This can be attributed to the fact that there is 
residual CTBN in the matrix of the blend after it has been cured. 
The G’ curve for the CSR-modified epoxy, conversely, does not appear to change 
between the neat resin and the modified epoxy.  Although the dashed curves appear to 
change slightly, this is within the accuracy of the instrument, so it can be concluded that 
no significant change on the crosslink density of the matrix can be observed of the CSR-
modified epoxy from this technique.  Similar results have been found in the literature 
where the G’ curve remains nearly unchanged with the addition of CSR modifier [4].  
However, Sue et al. concluded that while there is a slight change in the G’ below the Tg, 
this can be expected since soft particles are being added to a stiff matrix.  
Although the start of the curve is same as the CSR-modified epoxy, the SBM-
modified epoxy shifts to the right with an increase in modifier content.  This behavior can 
be attributed to the presence of methyl methacrylate present in the matrix, since this will 
make the curve shift to higher temperatures since the Tg of PMMA is higher than that of 
this epoxy matrix.  Notice, however, that the plateau modulus for the SBM-modified 
epoxy also remains unchanged.  While investigating block copolymers with micelle and 
wormlike morphology, Liu et al. experienced similar phenomena [26].  In their work, Liu 
et al. determined that the spherical and wormlike micelles observed influenced molecular 
mobility, thereby increasing the damping properties of their block copolymer-modified 
epoxy.  They also determined that the plateau modulus did not change when comparing 
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the block copolymer-modified epoxy to the neat resin.  This implies, as with the CSR-
modified epoxy, that the addition of the CSR- and SBM-rubber modifier do not affect the 
overall crosslink density of the epoxy matrix even though there appears to be some local 
plasticizing effects.  
For viewing purposes, the neat resin and the 5 and 15 phr of each concentration of 
modifier has been traced with a dashed line in order to more clearly illustrate the trends, 
as can be seen in Figure 4.   
As expected, the CTBN-modified epoxy shifted the G” curve to lower 
temperatures in addition to exhibiting a broadening of the peak.  This is in good 
agreement with the decrease in Tg observed via DSC as well as the shift of the plateau 
modulus seen in the G’ curves. 
CSR-modified epoxy was found to retain the same trend of the neat resin, not 
altering the shape of the curve or the peak.  Likewise, the G’ curve did not significantly 
alter with the addition of the CSR modifier, and neither did the plateau modulus.  The Tg 
was also found to remain unchanged, further illuminating that the matrix does not alter 
with the addition of CSR modifier. 
The SBM-modified epoxy, however, showed a slight shift of the G” to the right, 
which can be attributed to residual PMMA that is still in the epoxy matrix [26].  This is in 
agreement with the slight shift to the right observed in the G’ curve.  There is also 
evidence of local plasticization effects, which is shown in the form of a broadening of the 
G’’ curve of the SBM-modified epoxy.  Additionally, the Tg was shown to increase when 
examining the peak of the G’’ peaks of the SBM-modified epoxy.  In order to calculate  
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Figure 4: G'' versus temperature curves for CTBN-, CSR-, and SBM-modified epoxy, from 
top to bottom, respectively. 
the amount of residual rubber modifier left in the epoxy matrix, the peak of the G’’ 
curves were used to determine the Tg of the modified epoxy, and the Fox equation could 
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then be employed. 
While only by 4°C, the SBM-modified epoxy was found to increase the Tg 
slightly, and up to 4% of the PMMA was calculated, by the Fox equation, to remain in 
the epoxy matrix.  However, the CTBN-modified epoxy exhibits a decrease in the Tg and 
a drop 5°C suggests that 3% remains in the matrix at 15 phr as determined using the Fox 
equation and the Tg for the CTBN determined by the manufacturer, -52°C [27-29].  The 
shift in glass transition suggests that some of the CTBN remains in the epoxy matrix.  
Additionally, the increase in the breadth of the glass transition of both the CTBN- and 
SBM-modified epoxies suggests the existence of a concentration gradient.   
2.3.2.     Morphology 
 
Illustrated in Figure 5 are high magnification images of CTBN-, CSR- and SBM-
modified epoxies.  The CTBN-modified epoxy shows particles that have pulled out 
during cryogenic ultra-microtoming and particles that remain in the matrix, the light and 
the dark particles, respectively.  Overall, the CTBN-based rubber particles have a 
relatively uniform particle cross-section with an average diameter of 2 µm.  Similarly, the 
CSR-modified epoxy also possesses uniform cross-sections, but the CSR particles are not 
as distorted by microtoming as the CTBN particles were.   
Significant differences, however, are observed with the SBM-modified epoxy, 
where it is possible to see the layered morphology of the SBM particles.  Clearly visible 
are the styrene core, butadiene shell and methyl methacrylate ligands, evidence of the 
complex morphology of the SBM-modified epoxy.  It should also be noted that the 
images below were taken at different concentrations of modifier to promote the highest 
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resolution of the STEM-IN-SEM technique. 
 
Figure 5: High magnification STEM micrographs taken of A: 15 phr CTBN-modified 
epoxy, B: 5 phr CSR-modified epoxy, and C: 2.5 phr SBM-modified epoxy, respectively.  
Note different modifier contents were used to optimize the resolution of the STEM-IN-SEM 
images for each rubber modifier.   
At lower magnification, seen in Figure 6, 15 phr of all three modifiers are 
displayed in order to determine whether there is good dispersion of the rubber particles.  
It can be concluded from these STEM images that all of the rubber particles are randomly 
dispersed in the epoxy matrix.  However, while the CTBN rubber particles are more 
uniformly dispersed, and do not seem to have any regular pattern whereas the CSR and 
SBM rubber particles tend to cluster somewhat.  While this is observed with the CSR-
modified epoxy it is much more evident in the SBM-modified epoxy.  As seen in Figure 
6c, the SBM-modified epoxy clearly exhibits the tendency for the particles to cluster at 
elevated concentrations such that there are epoxy-rich and particle-rich regions.  This 
effect is magnified at even higher concentrations and will be discussed in more detail in 
Chapter 3 of this dissertation.  It is still important to note this effect, however, because 
the interparticle distance can have a dramatic effect on interparticle interactions and the 
fracture toughness attained.  
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Figure 6: Low magnification STEM micrographs taken of 10 phr of the three modifiers A: 
CTBN, B: CSR, and C: SBM, respectively. 
2.3.3.     Mechanical Properties 
 
The effects of modifier content on the modulus and compressive yield stress were 
determined via torsional DMA and uniaxial compression testing, respectively.  As 
illustrated in Figure 7, the shear stress versus shear strain plots clearly demonstrate the 
retention of the  modulus at 2.5 and 5 phr modifier content for the SBM- and CSR-
modified epoxies, while the CTBN-modified epoxy exhibits a sharp decrease at 2.5 phr 
modifier.  The may be due to the decrease in Tg at  .5 phr CTBN. Note that Young’s 
modulus can be calculated from the shear modulus if the Poisson’s ratio is known. 
Additionally, it was found that the modulus decreases with the amount of modifier 
content for all of the modifiers (see Figure 8), but that the SBM- and CSR-based rubber 
particles compromised the stiffness the least.  Although the addition of rubber particles 
does compromise the stiffness of the matrix, the relative retention of Young’s modulus 
with CSR and SBM modifiers has been reported and has also been seen here at low 
modifier concentrations [26, 30].   
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Figure 7: Plots of shear stress versus shear strain for CTBN-, CSR-, and SBM-modified 
epoxies compared to the neat resin. 
 
Figure 8: Effect of Young's modulus on modifier content for CTBN-, CSR-, and SBM-
modified epoxy compared to the neat resin. 
 
Compressive yield stress was also found to decrease with modifier content for all 
the rubber particles in this study (as seen in Figure 9).  However, the CSR- and SBM-
modified epoxies were found to compromise the yield stress significantly less than the 
CTBN-modified epoxy [31].  While the SBM- and CSR- modified epoxies continue to 
retain acceptable yield strength values until 15 phr, where the decrease in yield strength is 
about 25 MPa compared to the neat resin, the CTBN-modified epoxy exhibits a sharp 
decrease in yield stress even at 5 phr modifier content.  This is a result of the rubber 
content present in the three systems, as was the case with the modulus, but the particle 
size was also found to have a substantial effect.  With the smaller particle sizes of the 
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CSR- and SBM-modified epoxies (approximately 50 and 60 nm, respectively), chain 
movement is still difficult in compression, whereas with the CTBN-modified epoxy, the 
rubber particles are on the micro-scale and act more like a rubbery second phase, thereby 
facilitating chain movement [12, 32]. 
 
 
Figure 9: Effect of compressive yield stress on modifier content for CTBN-, CSR-, and 
SBM-modified epoxy compared to the neat resin. 
 
Fracture toughness was measured via mechanical testing and fracture energy was 
then calculated and plotted via conversion of the KQ to GQ using the equation GQ= (1-
v
2
)*(KQ/E), where v is Poisson’s ratio taken to be .39 and E is Young’s modulus as 
determined by DMA by using the apparent modulus E* to calculate E by the equation E= 
2*(1+v) E [23, 27].  As anticipated, the addition of all three types of rubber particles 
increased the KQ of the epoxy, as seen in Figure 10 [12, 32, & 33].  Once plotted, it 
becomes evident that the KQ of the SBM-modified epoxy continues to increase until 20 
phr.  However, the CSR- and CTBN-modified epoxies display a plateau in KQ after 10 
phr, respectively [29, 34].  This could be attributed to the rigid core of the SBM particles 
themselves or a result of a lack of plastic deformation of the epoxy matrix demonstrated 
by the CSR- and CTBN-modified epoxies [35].  Further microscopy analysis, as will be 
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seen in Chapter 3 of this dissertation, will yield more evidence for the increase in KQ of 
the SBM-modified epoxy.  
 
Figure 10: Effect of modifier content on KQ for CTBN-, CSR-, and SBM-modified epoxy 
compared to the neat resin. 
 
GQ of the modifiers was determined from previous KQ measurements and by 
using the measured Young’s modulus and Poisson’s ratio.  It should be noted that in 
some cases 5, 10 and 15 phr concentrations were not made for some of the modifiers, so 
KQ was interpolated in order to determine GQ at these concentrations for further 
comparison with predicted in GQ which will be utilized in Part 2 of this study for 
predicting KQ.   
Figure 11 illuminates the linear increase in GQ for all three modified epoxies, 
where the most substantial increase was exhibited by the SBM-modified epoxy, followed 
by the CSR-modified epoxy, and lastly the CTBN-modified epoxy.  This can be 
attributed to the decrease in the modulus which was seen in the CTBN-modified epoxy 
and the retention of stiffness illustrated by the SBM- and CSR-modified epoxy, so a 
larger increase was expected for the latter two modifiers.  It should be noted that until 10 
phr, the difference in GQ between the SBM- and CSR-modified epoxies are statistically 
 
 
62 
 
insignificant. 
 
Figure 11: Effect of modifier content on GQ for CTBN-, CSR-, and SBM-modified epoxy 
compared of the neat resin. 
 
2.4.     Conclusions 
 
After examining the physical and mechanical behavior of CTBN-, CSR- and 
SBM-modified epoxies, it became evident that the nano-size CSR- and SBM-modified 
epoxies outperform the traditional micro-size CTBN-modified epoxy.  The smaller 
particle size and lower rubber content allowed for the retention of the Young’s modulus 
and yield strength since neither modifier interferes with the inherent properties of the 
epoxy matrix.  Complex morphology allowed for an increase in KQ of the CSR- and 
SBM-modified epoxy, which is especially prominent at higher modifier contents 
compared to the CTBN-modified epoxy.  Further analysis, which will be presented in 
Chapter 3 of this study, is needed in order to explain why the SBM-modified epoxy 
increases the KQ more than the CSR-modified epoxy even though they are of comparable 
size and exhibit similar trends with regard to physical properties.  This is proposed to be 
due to localized plastic deformation brought about by the residual methyl methacrylate 
trapped in the epoxy matrix. 
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CHAPTER 3 
 
TOUGHENING OF EPOXIES: COMPARING SELF-ASSEMBLING BLOCK 
COPOLYMERS WITHCORE-SHELL PARTICLES AND TELECHELIC 
OLIGOMERS: PART 2. FRACTURE BEHAVIOR AND MECHANISMS 
 
3.1     Introduction 
In order to better understand the fracture behavior and toughening mechanisms of 
the three types of rubber-modified epoxies particles examined in this study, extensive 
microscopy analysis was conducted.  Scanning transmission electron microscopy 
(STEM) was used to quantify the volume fraction of particles, transmission optical 
microscopy (TOM) was used to determine plastic damage zone size beneath fracture 
surfaces, and scanning electron microscopy (SEM) was used to measure the increase in 
rubber particle/void diameter on the fracture surface.  By quantifying these parameters, it 
was then possible to model the plastic damage zone size as well as the fracture toughness 
of the rubber-modified epoxies.  As expected localized shear yielding and matrix void 
growth are the active toughening mechanisms in all rubber-modified epoxies in this 
study, however, matrix void growth was more prevalent in the SBM modified epoxy. 
This portion of the study focusses on the understanding the fracture behavior and 
modeling the toughening mechanisms of the CTBN-, CSR-, and SBM-modified epoxies 
examined in Chapter 2 of this study [1].  To acquire a better understanding of how these 
materials behave during fracture the measured fracture toughness, KQ, and measured 
plastic zone size will be compared to predicted values using an empirically-based model 
developed by Huang and Kinloch [2, 3].  By elucidating the contributions of the 
individual toughening mechanisms to the overall fracture toughness, a better 
understanding of the crack tip yielding in these modified epoxies can be acquired. 
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3.1.1.     Understanding Shear Yielding at the Crack-Tip of Rubber-Modified    
              Epoxies 
 
Over the last several decades, CTBN-rubber particles have been employed to 
improve the fracture toughness of otherwise brittle epoxy [4].  It is well accepted that the 
three main toughening mechanisms are: localized matrix shear banding, plastic matrix 
void growth, and rubber particle bridging [2, 3].  Of these mechanisms, it was determined 
that plastic matrix void growth and localized matrix shear banding are the predominant 
toughening mechanisms in CTBN-modified epoxy.  Specifically, the toughening 
improvements have been attributed to cavitation of the CTBN-rubber particles in 
combination with matrix shear banding [4, 5].  Although effective in improving the 
fracture toughness of brittle epoxy, CTBN-modified epoxy has also been shown to 
decrease the glass transition temperature of the epoxy matrix.  Consequently, various 
rubber particle morphologies have been studied such as CSR-based rubber particles and 
block copolymer-based rubber particles.   
Since the CSR- and block copolymer-based rubber particles have less rubber 
content than the CTBN-based rubber particles, the thermal and mechanical properties are 
better maintained, although controlling the cure conditions of CTBN-modified epoxy has 
been shown minimize the detrimental effects to the advantageous mechanical properties 
of the epoxy matrix [6].  With regard to toughening behavior, CSR-modified epoxies 
have also been shown to shear yield and cavitate [7, 8].  However, there are also 
instances of the acrylic-based shell debonding from the core in order to induce void 
growth and shear banding [9].  Although the initiation of the shear yielding and cavitation 
toughening mechanisms are slightly different, it is worth noting that ultimately the core-
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shell structure allows for an efficient means of improving the fracture toughness due to 
the particle morphology, which compensates for the fact that it is composed of less soft 
phase.  CSR-based particles are also preformed, so there exists uniform distribution and 
size compared with both the block copolymer- and CTBN-modified epoxy.  The block 
copolymer-modified epoxies possess particle morphologies that are even more complex 
than CSR-modified epoxies with even less rubbery content. 
In the case of block copolymer-modified epoxies, there exists competition 
between the thermodynamic and kinetic factors of the curing reaction [10].  The SBM-
modified epoxy in this study forms spherical micelles before the epoxy has vitrified, 
yielding a sphere-on-sphere morphology that was visually apparent in Part 1 of this study 
[11,1].  Again, this rubber-modified epoxy possesses a uniform spherical morphology 
like the CTBN-, and CSR-modified epoxies, but with a more complex particle 
morphology.  Research has shown that the SBM-modified epoxy is more effective when 
the nano-scale structure is preserved as opposed to macro-phase separation due to the 
sphere-on-sphere morphology that results [12].  The factor, which becomes essential to 
consider is the importance of cavitation initiation.  Traditionally, as with CTBN-based 
particles, it was seen that the energy necessary to cavitate micro-sized particles and create 
new surfaces was energetically favorable.  However, with nano-scale rubber particles, 
particularly nano-scale rubber particles with less soft phase present, the area surrounding 
the particle becomes important to consider since this is where shear deformation begins 
to take place [13].  Although all of the rubber modifiers in this study have the same 
toughening mechanisms, the variety of size and particle morphology makes the initiation 
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of these toughening mechanisms different for all cases.  Shear yielding will occur when 
the areas surrounding the rubber particles or the area between the rubber particles are 
conducive for shear deformation.  The increase in ductility of the matrix due to the 
addition of the rubber particles is the main factor contributing to the increase in fracture 
toughness, the toughening mechanisms of which will be quantified in this study.  
3.1.2.     Predicting the Fracture Behavior of Rubber-Modified Epoxies 
 
The plastic damage zone size is the defined as the depth of the permanent 
deformation a specific sample undergoes during fracture, in this case during a single edge 
notched 3 point bend (SEN-3PB) test.  Two models will be used to predict the plastic 
damage zone, ry: Irwin Prediction and the Huang and Kinloch model [14, 2].  Irwin’s 
model relates the fracture toughness and the tensile yield stress to a proportion constant 
that assumes plain strain fracture toughness, KIC, is determined.  Traditionally, it is 
believed that in order to increase the damage zone size a subsequent decrease in yield 
strength also results.  However, as seen in Part 1 of this study, the CSR- and SBM-
modified epoxies do not hinder the yield strength as much as CTBN-modified epoxy.  
Huang and Kinloch developed a model, which relates the plastic damage zone to the von 
Mises stress concentration factor, Kvm, and a material constant determined via finite 
element analysis [2].  This particular model considers that the Kvm of the epoxy changes 
with increasing rubbery volume fraction and that since a hydrostatic stress state exists at 
the crack tip, the energy necessary for the modified-epoxy to yield is reduced.  Therefore, 
there will be an increase in the plastic zone size.  Damage zone size analysis gives a 
broad understanding of the deformation the modified-epoxy experiences during the SEN-
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3PB test, but a further breakdown of toughening mechanism contributions, as mentioned 
in Part 1, is vital to understanding the increase in fracture toughness previously observed. 
Although Evans et al. have deduced that the strain at the crack tip can be directly 
related to the increase in GIC as a result of alleviating the triaxial stresses at the crack tip; 
this remained a qualitative approach to predicting the GIC [15].  In order to better 
understand toughening mechanisms, Kinloch and Huang have developed a model to 
separate the individual toughening contributions of matrix void growth and localized 
shear yielding to the overall improvement in fracture toughness.  This model predicts the 
increase in fracture energy, GIC, due to shear yielding by considering the volume fraction 
of particles and the compressive yield stress of the modified-epoxy.  Toughening 
contributions due to matrix void growth are determined using the volume fraction of 
voids and rubber particles as well as the tensile yield stress.  The aforementioned 
variables are the ones that change with both modifier and modifier concentration.  Since 
the volume fraction of particles is essential to predicting GIC, the effects of Vfp on 
modifier concentration will also be taken into consideration.  This becomes important 
because the Huang and Kinloch model assumes that there is no particle interaction taking 
place, so if clustering occurs, the predicted GIC will be inaccurate [2,3].  Other 
considerations include the change in particle size with modifier concentration, as this will 
affect the matrix void growth of the rubber particles.  By taking a quantitative approach 
to predicting the GIC, it is hoped that a better understanding of the toughening 
contributions will illuminate the fracture behavior of the rubber-modified epoxies in this 
study. 
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3.2.    Experimental 
 
From Chapter 2 of this study, it was determined via thermal analysis that the 
SBM-modified epoxy was likely to have had residual poly (methyl methacrylate) in the 
epoxy matrix.  As a result, it was suspected that there would be increased plastic 
deformation of the matrix, particularly of the particle/matrix interface.  In order to 
determine the particle morphology, scanning transmission electron microscopy (STEM) 
will be utilized.  Transmission optical microscopy (TOM) will quantitatively show the 
damage zone size in order to determine plastic zone depth for comparison.  Finally, 
scanning electron microscopy (SEM) will be used to examine the fracture surface to 
observe the extent of plastic deformation of the modified-epoxies. 
3.2.1.     Materials 
The epoxy system utilized in this study was a lightly cross-linked model epoxy 
system composed of a diglycidyl ether of bisphenol A (DGEBA), donated by the Dow 
Chemical Company and given the designation of Dow Epoxy Resin (D.E.R) 331, which 
has an epoxy equivalent weight of 187 g/eq.  Piperidine (Sigma Aldrich) was used as the 
curative and was added at a ratio of 5 parts-per-hundred parts (phr) epoxy resin to 
achieve a catalytic cure. 
In this study, three types of rubber-based toughening agents were examined: 
carboxyl-terminated butadiene acrylonitrile-rubber particles (CTBN), core-shell rubber 
particles (CSR) and a block copolymer of styrene-butadiene-methyl methacrylate-rubber 
particles (SBM).  Table 1 illustrates the pertinent details concerning the modifiers used in 
this study.  It is worth noting that the CTBN and core-shell were provided in a form 
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which only involved diluting the material while the SBM was received in powder form 
and had to be made into a master batch first. 
Table 1: Information pertaining to the rubber modifiers used in this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.2.2.     Processing 
All three rubber modifiers, CTBN-, CSR-, and SBM-rubber modifiers, were 
diluted with DGEBA resin to attain the desired composition.  In order to make a 25 phr 
master batch of SBM-rubber modifier, it was first mechanically mixed for two hours at 
80°C followed by mechanical mixing at 150°C for two hours under vacuum. 
After the modified-epoxy was diluted to the desired concentration, it was 
mechanically mixed for four hours.  For the first two hours, all of the modifiers were 
heated to 80°C while being mechanically mixed.  A vacuum was applied for the final two 
hours, and while the CTBN- and CSR-modified epoxy was held at 80°C, the SBM-
modified epoxy was heated to 150°C to confirm that the methyl methacrylate (hard 
block) of the block copolymer was adequately dissolved in the mixture.  Once 
sufficiently mixed, the samples were then injected with 5 phr of the curing agent, 
piperidine, at 80°C and mixed for 10 minutes under vacuum.  After the curing agent was 
incorporated into the mixture, it was poured into a preheated aluminum mold and cured 
for 6 hours at 160°C.  The mold equilibrated to room temperature overnight and then the 
 
 
73 
 
resulting plaque was machined into ASTM D5045 single edge notched 3 point bend 
(SEN-3PB) specimens for fracture toughness testing as well as optical and electrical 
microscopy observation. 
3.2.3.     Microscopy 
Three types of microscopy were utilized in this study: scanning transmission 
electron microscopy (STEM), transmission optical microscopy (TOM), and scanning 
electron microscopy (SEM).  The STEM, TOM, and SEM techniques were used to 
determine the volume fraction of particles, subsurface damage zone size, and increase in 
particle diameter, respectively.  Each microscopy technique provided a meant to 
quantitatively predict the fracture toughness of the rubber-modified epoxies. 
3.2.3.1.    Scanning Transmission Electron Microscopy (STEM) 
In order to observe the effect of particle dispersion in relation to the volume 
fraction (Vf) of particles, bright field scanning transmission electron microscopy (BF-
STEM) was conducted.  First, the samples were cryo-microtomed and OSO4 stained at 
the University of Massachusetts Medical School.  Then the specimens were imaged at 30 
kV on a Hitachi S-4300SE/N scanning electron microscope (SEM).  A STEM-IN-SEM 
technique was used in order to focus on one plane of the material, which allowed for 
particle dispersion and morphology (seen Chapter 2) to be observed [16].  This technique 
required a standard STEM-IN-SEM specimen holder (Hitachi), which was used with the 
dedicated STEM detector of the Hitachi S-4300SE/N SEM.  The STEM detector is 
located below the specimen chamber, along the optical axis of the electron column.  A 
bright field image is generated by collecting the transmitted electrons, which produces an 
image with the appropriate phase-contrast [16].  Images taken via the STEM-IN-SEM 
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technique were then used to determine both the volume fraction of particles and the size 
of the rubber particles prior to fracture.  In order to determine volume fraction, two 
images of each composition of modifier were analyzed with Microsoft paint in order to 
introduce contrast and then ImageJ, where the final volume fraction was determined.  
Images were also optimized with ImageJ to discern which particles were on the same 
plane via the intensity of the particles before determining the volume fraction of particles.  
Average initial particle size was determined by manually measuring a minimum of 100 
particles for each composition with calipers.   
3.2.3.2.    Transmission Optical Microscopy (TOM) 
So as to observe the damage zones of the modified epoxies, TOM samples were 
made from cross-sections of SEN-3PB samples.  The area that was illuminated was in the 
center of the sample so as to avoid any surface effects and to ensure the area being 
studied was in the plane strain region.  For light to be passed through the sample, the 
cross-section was manually polished to a thin section of approximately 80-120 µm for 
optimal viewing.  An Olympus BH-2 Optical Microscope was used to image the cross-
section of the SEN-3PB samples.  Two modes were used for viewing purposes, bright 
field mode to illuminate particle cavitation and under crossed polars to observe 
birefringence indicative of shear plasticity. 
3.2.3.3.    Scanning Electron Microscopy (SEM) 
SEM samples were mounted onto an aluminum stub and coated with Iridium for 
30 seconds to prevent charging when imaging with a Hitachi S-4300SE/N SEM at 3-5kV.  
The fracture surfaces of the SEN-3PB samples were examined to determine the void 
growth present with each of the rubber modifiers in the stress-whitened zone.  Although 
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the primary focus was the void growth in the stress whitened zone, the fast fracture 
region was also observed to illuminate the change in diameter of the particles before and 
after void growth due to localized stresses.  Figure 1 illustrates the different regions of the 
SEN-3PB specimens which were observed.  Primarily, active toughening mechanisms of 
the rubber-modified epoxies were observed through image analysis of the specimens of 
the stress whitened area. 
 
Figure 1: Schematic of the stress whitened region and fast fracture region of a fractured 
SEN-3PB sample. 
 
3.3.     Results and Discussion 
In order to deduce the toughening mechanisms in the CTBN-, CSR-, and SBM-
modified epoxies, a series of microscopy techniques were employed.  First, STEM-IN-
SEM was utilized to quantify the volume fraction of rubber particles and examine the 
dispersion.  Optical microscopy in transmission mode was then used to quantify the 
subsurface damage zone size of the rubber-modified epoxies.  Lastly, fractography was 
conducted via SEM to examine the toughening mechanisms evident on the surface of a 
fractured toughness specimen.  This allowed experimental data to be gathered that would 
then be used to determine the individual contributions of each toughening mechanism to 
the overall improvement of fracture toughness. 
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3.3.1.  Effect of Volume Fraction of Particles Vfp on Particle Dispersion (STEM) 
 
Illustrated in Figure 2 is the relationship between the volume fraction of particles 
versus modifier content as measured by the STEM-IN-SEM technique.  By drawing a 
line representing complete agreement between the Vfp and modifier content, it is shown 
that there is good agreement at both low and high rubber particle concentrations.  As 
shown by Pearson and Yee, the linear relationship between the Vfp and modifier content 
prove that an increase in the volume fraction of particles is not observed with the CSR- 
and SBM-modified epoxies.  Therefore, this cannot explain the increase in the KIC when 
compared to the traditional CTBN-modified epoxy.   
 
Figure 2: Relationship between the volume fraction of particles and the modifier content of 
the rubber-modified epoxies. 
 
In order to compare the particle dispersion at various concentrations, Figure 3 
displays all three rubber-modified epoxies in order of lowest to highest rubber particle 
concentration.  The CTBN-modified epoxy maintains a random particle dispersion 
throughout with no noticeable clustering or orientation effects.  Since the CSR-modified 
epoxy used preformed particles, there exists uniformity in the dispersion of these 
particles that surpasses both the CTBN- and SBM-modified epoxies.  It should also be 
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noted that the volume fraction of particles for all of the modified-epoxies does not 
increase with modifier content; rather there exists a 1:1 ratio between the Vfp and the 
modifier content, which has also been seen in the literature [17].  However, with the 
CSR- and SBM-modified epoxies, it does appear that there is a larger Vfp in the STEM-
IN-SEM micrographs due to a particle size effect.  This is a result of the nano-scale size 
of the CSR- and SBM-modified epoxy particles when compared with the micro-size 
CTBN-modified epoxy.  As a result, there are multiple planes of the rubber particles 
present in the samples since each STEM-IN-SEM sample is approximately 100-    μm 
in thickness.  ImageJ was used to determine which particles were on the same plane by 
separating them via intensity so that the Vfp could accurately be determined.  CSR- and  
 
Figure 3: STEM-IN-SEM micrographs illustrating the effect of modifier content on particle 
dispersion. 
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SBM-modified epoxy, however, does exhibit a slightly oriented morphology at 10 and 15 
phr.  Slight clustering can be observed for the CSR-modified epoxy and the SBM-
modified epoxy tends to form areas of particle-rich and epoxy-rich regions.  This 
becomes increasingly significant at 15 phr where the clustering effect seen in the SBM 
particles is most prevalent.   
Although there is evidence of some clustering, it will be observed later that the 
SEM micrographs indicate there is no significant particle interaction upon voiding of the 
matrix.  This further indicates the accuracy of the Vfp predictions since the volume 
fraction measured at high concentrations with the SEM micrographs and the STEM-IN-
SEM micrographs agree with one another, proving that the planes have been isolated 
properly via computer software.  The importance of maintaining a uniform interparticle 
distance is also a factor for improving the overall KIC, which has been seen in the cases of 
CTBN-, CSR-, and SBM-modified epoxies [18-20].  However, some agglomeration of 
the rubbery particles has also been shown to be beneficial in increasing the KIC [21].  
Essentially, so long as the clustering of the rubber particles does not affect the facilitation 
of shear deformation, or the increase in the ductility of the matrix imparted by the rubber 
particles, the overall KIC will still be improved. 
3.3.2. Subsurface Damage Zone Analysis (TOM) 
Damage zone analysis was then conducted to understand the deformation 
behavior of the rubber-modified SEN-3PB specimens.  As a result, it was found that the 
CTBN-, CSR-, and SBM-modified epoxies exhibited evidence of rubber particle 
cavitation and local shear plasticity in the epoxy matrix.  Figure 4 shows the bright field 
images of the modified epoxies, which demonstrates that all three particle types cavitate 
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prior to failure.  Figure 5 demonstrates a similar trend, where the cross polars illuminate 
the matrix shear plasticity in these rubber-modified epoxies.  It should also be noted that 
the CSR- and SBM-modified epoxies possess a banded structure, in both bright field and 
cross polar modes, approximately 45° in relation to the crack propagation direction.  This 
result supports the existence of shear bands. 
In both the bright field and crossed polars mode, it was deduced that the damage 
zones of the CSR- and SBM-modified epoxies were significantly smaller than those of 
the CTBN-modified epoxy.  Although this may seem to be a particle size effect, the CSR- 
and the SBM-modified epoxies have comparable damage zone sizes at lower modifier 
concentrations whereas at higher concentrations, the CSR and CTBN-modified epoxies 
have comparable damage zone sizes.  However, even at higher concentrations, the SBM-
modified epoxy still exhibits a smaller than expected plastic zone size.  Therefore, it can 
be concluded that a particle size effect is not responsible for the small damage zone size.  
As seen with research conducted by Dompas and Groeninckx, there is a critical size 
necessary for shear deformation, but when there is sufficient improvement in the ductility 
of the matrix, shear yielding occurs [22].  Additionally, the nano-scale size of the CSR- 
and SBM-modified epoxies would have allowed for more shear deformation, which 
contributes to the concentrated damage zone as opposed to the diffuse nature of the 
CTBN-modified epoxy damage zone [23, 24]. 
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Figure 4: Bright field TOM micrographs illustrating cavitation in the rubber-modified 
epoxies. 
 
Figure 5: TOM micrographs under cross polars illustrating shear plasticity in the rubber-
modified epoxies. 
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To gain a better understanding of the damage zone size, the Irwin theory and the 
Kinloch and Huang model were employed.  The Irwin theory, seen in equation 1, predicts 
the damage zone size, ry, by relating the KQ and the tensile yield stress, σys.  Kinloch and 
Huang, however, have created a model which predicts the increase in damage zone size 
by relating it to the increase in the von Mises stress criterion, Kvm, that occurs due to the 
increased interactions between the stress fields of the rubber particles (equation 2) [14, 
2].  Other variables in equation 2 are µm, the von Mises pressure coefficient for shear 
yielding, and ryu, the plastic zone size of the unmodified epoxy. 
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Using the Irwin approximation, Figure 6 illustrates that the CTBN- and CSR-
modified epoxy demonstrate good agreement between the measured and predicted 
damage zone sizes.  The plastic zone size for SBM-modified epoxies, however, was 
overestimated.  This can be attributed to the fact that the SBM-modified epoxy continues 
to increase in fracture toughness, KQ, even at higher concentrations.  Therefore, while the 
CSR- and SBM-modified epoxies have similar yield strength measurements, the higher 
KQ of the SBM-modified epoxy is why the Irwin approximation is higher than the 
measured damage zone size values.  It should be noted that the CTBN-modified epoxy 
was found to be unconstrained according to the plane strain conditions, seen equation 3 at 
the highest concentration reported in Figure 6.  Hence, the CTBN-modified epoxy no 
longer fits the Irwin model according to plane strain constraints because it is within the 
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plane stress regime [25].  The SBM-modified epoxy, however, is slightly out of the plane 
strain regime according to equation 3, but ry is not predicted with neither the plane strain 
nor plane stress Irwin approximations. 
         ( )       (
   
   
)
 
    (3) 
Kinloch and Huang’s damage zone predictions (Figure 7) show that the CTBN-
modified epoxy displays reasonable agreement with the approximation, but that both the 
CSR- and SBM-modified epoxies are underestimated.  Since the Kvm is the main variable  
 
Figure 6: Predicting the plastic damage zone size with the Irwin prediction of 5, 10, and 20 
phr CTBN-, CSR-, and SBM-modified epoxies, respectively. 
 
for this prediction, and this is determined by a relation with the volume fraction of the 
rubber particles, it can be concluded that since there is a 1:1 correlation between the Vfp 
and modifier content, the plastic damage zone was underestimated.  Additionally, it is 
worth noting that because the higher concentrations of CTBN- and SBM-modified 
epoxies were not properly constrained at 20 phr, the volume fraction of particles was only 
determined up to 15 phr for GIC approximations, and so 20 phr is not included in this 
approximation. 
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Figure 7: Predicting the plastic damage zone size with the Huang and Kinloch prediction of 
5, 10, and 15 phr CTBN-, CSR-, and SBM-modified epoxies. 
 
3.3.3.   Observation of SEN-3PB Fracture Surface (SEM) 
 
By examining the SEM micrographs (Figure 8), it becomes evident that matrix 
void growth is the primary toughening mechanism present in all three rubber modifiers in 
this study [26].  Additionally, the difference in void diameter between the fast fracture 
and stress whitened regions illuminate the localized shear deformation.  Particularly, in 
the SBM-modified epoxy, the topography of the fracture surface indicates extensive 
ductile tearing when compared to the CSR- and CTBN-modified epoxies.  The tearing of 
the matrix is indicative of increased matrix plasticity, which is due to the residual methyl 
methacrylate in the epoxy matrix (as shown in Chapter 2).  Therefore, the small damage 
zone size can also be attributed to this increase in localized shear deformation of the 
SBM-modified epoxy that is less prominent in the CSR- and CTBN-modified epoxies 
[27].   
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Figure 8: SEM micrographs illustrating void growth in the fast fracture versus stress 
whitened region in 10 phr of all rubber-modified epoxies examined in this study. 
 It is also important to observe the increase in void diameters both as a function of 
modifier content as well as in the stress whitened region versus the fast fracture region.  
Figures 9 & 10 illustrate that the initial void diameters, measured from the STEM-IN- 
SEM images, does not change with increasing modifier content.  The reason STEM-IN-
SEM micrographs were used as opposed to SEM micrographs is because at 2.5 and 5 phr 
CSR- and SBM-modified epoxy, the resolution of the SEM was not good enough to 
measure the particle diameters accurately.  CTBN-modified epoxy, conversely, was 
shown to increase in particle diameter with increasing modifier content.  This has also 
been observed in the literature [6]. 
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Figure 9: Initial and final void diameters of the CSR- and SBM-modified epoxies measured 
from STEM-IN-SEM and SEM analysis, respectively. 
 
 
Figure 10: Initial and final void diameters of the CTBN-modified epoxy measured from 
STEM-IN-SEM and SEM analysis, respectively. 
 The particle void growth measured via the SEM micrographs of the stress 
whitened regions reveals that the SBM-modified epoxy exhibits the highest amount of 
particle void growth compared to both the CSR- and CTBN-modified epoxies (Table 2) 
[27].  Also worth noting is that the average final void diameter of the CTBN-, CSR-, and 
SBM-modified epoxies all plateau.  For the CTBN- and CSR- modified epoxies, this 
happens at 10 phr, whereas the SBM-modified epoxy plateaus starting at 5 phr.  Table 
shows the percent increase in void diameter of the CTBN-, CSR-, and SBM-modified 
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epoxies, showing that the SBM-modified epoxy increase in void diameter more than both 
the CTBN- and CSR-modified epoxies.  The increase in void diameter of the CTBN- and 
Table 2: Initial and final diameters of CTBN-, CSR-, and SBM-modified epoxies and the 
percent increase in diameter upon void growth. 
 
 
 
 
 
 CSR-modified epoxies are comparable, yet the KIC for the CSR-modified epoxies 
are greater, so the surface area impact on KIC is another factor to consider when 
examining the increase in void diameter [28].  Values obtained for the CTBN-modified 
epoxy are larger than in the literature, but the initial particle size is also larger, so this is 
thought to be why there is more void growth present in this study.  CSR-modified epoxy, 
with an average of approximately a 40% increase in diameter, also agrees with void 
growth seen in the literature. However, while the SBM-modified epoxy was expected to 
have a larger percent increase in diameter, along with proportionally more void growth, 
studies conducted by Taylor et al showed a larger portion of the fracture toughness being 
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attributed to matrix void growth [9].  However, the epoxy matrix in that particular case 
was different, so this explains the discrepancy since the model epoxy system used in this 
study would be more conducive to matrix shear banding.   
Figure 11 illuminates the increase in the void diameter that occurs with an 
increase in rubber modifier content (also seen in Table 2).  In addition to the void 
diameter, the increase in the matrix plasticity with increasing rubber modifier content is 
also apparent, particularly with the CSR- and SBM-modified epoxies.  This can be 
attributed to a decrease in the interparticle distance of the rubber particles in the CSR- 
and SBM-modified epoxies [29].  A decrease in the interparticle distance would mean 
that the stress fields of the particles are also overlapping, which would induce more 
matrix plasticity in the form of matrix void growth and ductile tearing of the matrix.  
Specifically, the increase in the matrix ductility of the 15 phr SBM in Figure 11 should be 
noted as it is much more pronounced than the ductile tearing of the 15 phr CSR-modified 
epoxy. 
3.3.4.  Predicting Fracture Toughness 
Since localized shear yielding and matrix void growth are the two predominant 
toughening mechanisms in this study, the overall fracture energy, ¥, can be broken down  
into the Grps and Grpv terms, indicative of shear yielding and void growth, respectively 
(As noted earlier, the contribution of Grpb is not considered here because it was not found 
to be an primary toughening mechanism). 
                       (4) 
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Huang and Kinloch elaborate on Grps, the contribution of rubber particle shear, with the 
equation 
          (  
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where µm is the von Mises pressure coefficient for shear yielding, taken to be .2, Vf is the 
volume fraction of particles, σyc is the compressive yield stress of the neat resin, γf is the 
 
 
Figure 11: SEM micrographs of 2.5 and 15 phr CTBN-, CSR-, and SBM-modified epoxies, 
illustrating the increase in void growth with increase in modifier content. 
yield strain of the neat resin, taken to be .71, ryu is the plastic zone size of the neat resin, 
and Kvm is the maximum stress concentration factor of the von Mises stress in the matrix, 
taken to be 2.22 [2].  Similarly, Grpv, the contribution of rubber particle voiding, is 
described using the equation 
 
 
89 
 
       (  
  
 
 
 
 )
 
  [         ]       
 
      (6) 
,where µm is a material constant, taken to be .2, Vfv and Vfp are the volume fraction of 
voids and particles, respectively and σyt is the tensile yield stress estimated using the 
relation σyt=  .7σyc [30]. Note that Vfp is typically reported using equation 7, where vp 
and vm are simply the volume of the particles and matrix, respectively.  However, it was 
found by Liang and Pearson that elucidating the average volume of voids and particles by 
using their measured diameters allows for a more accurate assessment of (Vfv - Vfp) of the 
resulting modified [31].  Therefore, equation 8 will be employed while calculating the 
void growth component via equation 6. 
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In equation 8, vp and vm are the average volume of particles and matrix material 
surrounding the particle, respectively.  To calculate the volume around the matrix, vm is 
calculated as vm= vp/Vfp-vp where vp is still the average volume of the particles and Vfp is 
the original area fraction of particles as determined by STEM. 
Comparing the predicted to the measured GQ values shows that the CTBN-, CSR- 
and SBM-modified epoxies demonstrate good agreement with the Kinloch and Huang 
GIC model (Figure 12).  Table 3 examines the individual contributions of the localized 
shear yielding and matrix void growth to the overall increase in GQ. SBM-modified 
epoxy favors the matrix void growth toughening mechanism in every concentration.  
CSR-modified epoxy exhibits more localized shear toughening at low concentrations, but 
 
 
90 
 
matrix void growth at higher concentrations.  CTBN-modified epoxy demonstrates more 
localized shear yielding at the lowest concentration, but then relies on matrix void growth  
 
Figure 12: Measured versus predicted GIC for the CTBN-, CSR-, and SBM-modified 
epoxies. 
 
Table 3: Localized shear and matrix void growth toughening contributions for the CTBN-, 
CSR-, and SBM-modified epoxies. 
 
 
to increase fracture energy.  The average ratio between the matrix void growth for the 
CTBN- and CSR-modified epoxies is 2:1, while for the SBM-modified epoxies, this ratio 
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is 3:1.  This is in good agreement with the literature with regard to matrix void growth 
being the more prevalent toughening mechanism [9]. 
 Although 20 phr of the SBM-modified epoxy was not included in this 
approximation, it is important to consider the reasons it could not be predicted using the 
Huang and Kinloch predictive model.  The first problem to note is that the particles in the 
higher concentrations of the SBM-modified epoxy obviously interact with one another, 
violating one of the main assumptions in the predictive model.  In addition to this, there is 
extensive plasticity in the z-direction of the epoxy matrix, as shown in Figure 13 and 
highlighted with solid circles. Since the ∆Grps only considers the increase in the diameter 
of the rubber particle, the influence of the z-direction deformation is ignored, which 
becomes a major part of the reason such high toughness is achieved at high SBM-
modified epoxy concentrations.  Possibly the most important reasoning the GIC could not 
be predicted lies in that there is another toughening mechanism employed at the higher 
SBM-modified epoxy concentrations in the form of ligament bridging, seen in Figure 13 
in the dashed circle.  Currently, this predictive model assumes that shear banding is a  
 
Figure 13: SEM micrograph of 25 phr SBM-modified epoxy, illustrating extensive matrix 
plasticity and ligament bridging. 
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small component compared to the matrix void growth, and it is visually apparent that in 
this system, the ligament bridging mechanism would need special consideration. 
3.4.    Conclusions 
Microscopy analysis enabled the quantification of the damage zone size and 
volume fraction of voids and particles, respectively.  By using the mechanical properties 
determined in Part 1 of this study, it was then possible to predict the damage zone size as 
well as the individual contributions of the toughening mechanisms active in the three 
rubber-modified epoxy systems.  It was found that all three rubber-modified epoxies 
demonstrated good agreement with the Huang and Kinloch GIC predictions up to 15 phr 
modifier content.  Additionally, the SBM-modified epoxies had the largest matrix void 
growth contributions when compared to the CTBN- and CSR- modified epoxies.  It can 
also be concluded that the small damage zone size of the SBM-modified epoxy is due to 
the increased matrix ductility and subsequent ligament bridging that follows. 
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CHAPTER 4 
 
ON THE USE OF ACRYLATE-BASED TRIBLOCK AND DIBLOCK 
COPOLYMERS TO TOUGHEN EPOXY RESIN 
 
4.1.     Introduction 
 
It is well accepted that the phase separation of block copolymer in epoxies is a 
matter of optimizing both thermodynamic and kinetic effects.  In this study, three 
acrylate-based triblocks and four acrylate-based diblocks are used to toughen a model 
epoxy system.  By varying block lengths and compositions, a variety of morphologies 
were generated.  It was found that in some cases, the epoxy-miscible block did not yield 
domains large enough to impart a toughening effect.  Additionally, layered morphologies 
and worm-like micelles were and often resulted in a substantial increase in the fracture 
toughness.  Overall, the glass transition temperatures and yield strength of the acrylate-
based triblock- and diblock-modified epoxies were found to be similar to the unmodified 
epoxy.  Comparing the morphologies of the toughened-epoxies led to a better 
understanding of the relationship between the particle morphology obtained and the 
physical properties attained. 
4.1.1.     Controlling the Morphology of Block Copolymers 
 
It is well understood that when formulating epoxy blends involving block 
copolymers, at least one block is miscible (hard phase) in the epoxy and one is 
immiscible (soft phase) upon cure.  Varying the block copolymer composition, epoxy 
matrix, curing agent, and cure conditions are some of the ways to control the 
morphologies yielded in a particular system [1].  The two main factors that are being 
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manipulated are: the degree of miscibility of the epoxy-miscible block with the resin, and 
the hindrance brought about by the kinetic effects of phase separation which becomes the 
dominant factor when gelation of the epoxy occurs and the block copolymers are no 
longer mobile in the epoxy resin [2].  The degree of miscibility of the epoxy-miscible 
block will determine when the expulsion of the epoxy-miscible block will occur in 
relation to the percent conversion of the epoxy matrix.  Additionally, it has also been 
shown that the use of a small amount of reactive monomers can also be utilized to change 
the value of the solubility parameter, which also influences the degree of conversion 
where phase separation occurs [3].  In another study, polyalkane-poly (ethylene oxide) 
(PEO) block copolymer was added in a precured PEO-compatible resin, where a highly 
ordered nanostructure was generated [4].  From small-angle x-ray scattering (SAXS) 
profiles, Bates et al. demonstrated that nano-scale order can be achieved because the 
macrophase separation of the block copolymer is kinetically hindered.  Formation of 
desired particle morphologies occurs when these thermodynamic and kinetic factors 
affecting morphology are optimized in a controlled manner. 
In the initial processing stages, the block copolymers are typically dissolved into 
the epoxy matrix.  Once the curing process begins, the epoxy-miscible phase of the block 
copolymer is expelled, which results in network formation.  Whether the block 
copolymers will form spherical micelles, wormlike micelles, or vesicles, is a matter of 
reducing the interfacial energy as much as possible before the epoxy/block copolymer 
mixture becomes pinned in a metastable state [5].  By varying both the casting solvent 
and the ratio of miscible to immiscible block lengths, it was found that a poorer solvent 
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would induce crowding and yields a cylindrical morphology (worm-like micelles) in an 
attempt to minimize interfacial tension [6].  Furthermore, it was found in the same study 
that achieving spherical micelles occurred when the miscible block was significantly 
smaller than the epoxy-immiscible block, which would then promote interaction between 
the block copolymer chains.  It was further hypothesized that it is possible worm-like 
micelles grow from spherical-micelles.  Vesicle morphology occurs when the block 
copolymer is asymmetric and the solvent is selective for the shorter block [7].  Unlike the 
spherical and cylindrical micelles, vesicles incorporate the epoxy in the center of the 
rubbery particle.  It has also been found that when the volume fraction of the epoxy-
miscible block decreases, the phases present go from spherical to worm-like micelles, and 
finally vesicles [8].  The general consensus is that the block copolymer-modified epoxy 
will seek to minimize interfacial curvature whenever possible.  Provided the gelation of 
the epoxy, and subsequent increase in crosslink density, does not hinder the mobility of 
the block copolymer, the morphology will continue to evolve due to the competition 
between the thermodynamic and kinetic factors. 
4.1.2.     Effect of Block Copolymer Morphology on Physical Properties 
 
Although controlling the morphology of block copolymer-modified epoxy is 
important, the more lucrative endeavor is enhancing the inherent properties of the epoxy 
matrix via the addition of block copolymers in epoxy.  The way the block copolymers 
interact with the epoxy matrix will determine the thermal and mechanical properties, both 
of which would ideally be maintained.  However, the fracture toughness is vital to 
enhance due to the inherently brittle nature of epoxies.  Pascault et al. determined that 
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when a nano-scale structure is maintained, the fracture toughness of block copolymer-
modified epoxies increases [9].  This is attributed to a decrease in the interparticle 
distance, which then promotes matrix ductility.  It is thought that with rubber particles 
closer together, facilitating shear plasticity in the matrix then allows for a substantial 
increase in fracture toughness [8].  In a series of studies by Bates et al., it was found that 
spherical micelles were the least effective in improving fracture toughness when 
compared to the worm-like micelle and vesicle morphologies.  This is attributed to the 
length scale of each particle morphology, which in turn determines which toughening 
mechanisms become active [10].  As discussed in the literature, increasing fracture 
toughness is a direct result of increasing the ability of the epoxy matrix to plastically 
deform.     
While toughness is the primary concern, it is also imperative that the other 
properties of the epoxy be maintained.  Studies have shown that the glass transition 
temperature has been maintained or even increased in some cases with the addition of 
block copolymers into the epoxy [11, 12].  Specifically, it is thought that the spherical 
and worm-like micelles may increase chain rigidity, improving or at least maintaining the 
inherent epoxy structure.  Vesicles, however, due to the length scale as well as the epoxy 
that is encapsulated in the block copolymer-formed particle, has been shown to 
negatively impact the glass transition temperature, inferring that there is a decrease in the 
crosslink density (and hence structural integrity) of the epoxy.  Due to the direct 
relationship between the morphology of the block copolymer-modified epoxy and the 
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resulting physical properties, it is important to manipulate the morphology of the block 
copolymer in the epoxy to suit the needs of the desired application.   
Three acrylate-based triblock-modified epoxies and four acrylate-based diblock-
modified epoxies were characterized in this study.  Varying the chemical composition as 
well as the modifier content in the same epoxy matrix allowed for a comparison between 
all of the resulting particle morphologies.  Thermal and mechanical behavior was 
analyzed in addition to microscopy studies to better understand the toughening behavior 
of these acrylate-based rubber-modified epoxies. 
4.2.   Experimental 
To effectively characterize the three triblock and four diblock acrylate-based 
copolymers in this study, atomic force microscopy (AFM) will first be used to determine 
the particle morphology present in the cured rubber-modified materials.  Thermal and 
mechanical analysis was then used to observe the structural changes imposed on the 
inherent epoxy matrix upon the addition of the acrylate-based block copolymers.  Finally, 
fractography was conducted via scanning electron microscopy (SEM) to further 
illuminate the toughening capacities of the acrylate-based block copolymer-modified 
epoxies. 
4.2.1.   Materials 
 
In this study the epoxy system utilized was a lightly cross-linked model epoxy 
system composed of a diglycidyl ether of biphenyl A (DGEBA) epoxy cured with 
piperidine (Sigma Aldrich).  The DGEBA resin has the designation of Dow Epoxy Resin 
(D.E.R.) 331 with an epoxy equivalent weight of 187 g/eq.  Piperidine was added into the 
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epoxy at a ratio of 5 parts-per-hundred parts (phr) epoxy resin in order to activate the 
catalytic cure mechanism. 
The current study examines acrylate-based triblock and diblock copolymers.  
Triblocks characterized in this study are summarized in Table 1 and consist of MAM, 
MAM*, and SAM.  While the MAM and MAM* are of similar composition, the MAM* 
has a polar group added to the poly(methyl methacrylate) block which yields a spherical 
morphology compared to the spider-web morphology of the MAM-modified epoxy.  
SAM, however, has three different blocks and yields a morphology consisting of a 
bimodal size distribution of micro-meter and nano-meter size features. 
Table 1: Designations and block descriptions of the acrylate-based triblock copolymers in 
this study. 
 
 
Diblocks characterized in this study are summarized in Table 2 and consist of 
M’A-3 , M’A-5 , M’’A-3  and M’’A-5 .  The M’A and M’’A diblock copolymers 
utilize the same soft phase, but differ in the miscible hard phase with regard to 
composition.  Varying the compositions of M’A-3 /M’’A-3  and M’A-5 /M’’A-50 
means that there is a ratio of miscible to soft block of 1:2 and 1:4, respectively.  While 
the M’A-modified epoxies possessed spherical particle morphology, it was found that the 
extent of miscibility yielded smaller than expected rubbery domains.  However, the 
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M’’A-modified epoxies yielded overall spherical morphology on a micro-scale, but with 
nano-size features. 
Table 2: Designations and block descriptions of the acrylate-based diblock copolymers in 
this study. 
 
 
4.2.2.     Processing 
 
All of the diblock copolymers in this study were received as master batches 
(epoxy concentrates) from Arkema, Inc.  These master batches were then diluted with 
additional epoxy to the desired concentrations and mechanically mixed for four hours.  
For the first two hours, mixing was conducted at 80°C followed by two hours at elevated 
temperatures (100-160°C) under vacuum.  The samples were then injected with 5 phr of 
the curing agent (piperidine) and mixed for ten minutes.  Afterwards, the mixture was 
poured into an aluminum mold and cured for six hours at 160°C.  The resulting plaques 
were machined into ASTM D-5045 single-edge-notched three-point-bend (SEN-3PB) 
specimens for fracture toughness testing and ASTM D-790 specimens for compressive 
yield strength measurements. 
 
 
 
 
102 
 
4.2.3.     Morphology 
 
Atomic force microscopy (AFM) was used to observe the morphology of the 
triblock- and diblock-modified epoxies.  Samples for the AFM were cryo-microtomed 
using a RMC PowerTome X rotary microtome (CRYO diamond knife) with a cryogenic 
attachment held at a temperature of -60ºC.  Images were collected in Tapping Mode using 
a RTESP14 etched silicon probe.  Both the height and phase data were recorded.  A scan 
rate of .5-3 Hz was used and the set point was adjusted to optimize image resolution.  A 
scan angle of zero degrees was used in order to collect images at various scan sizes.  A 
Nikon ME600 microscope was used to take optical images while in reflection mode at 
X500 magnification. 
4.2.4.     Thermal Analysis 
 
The glass transition temperature, Tg, was determined using a TA Instruments 
Q     differential scanning calorimeter (DSC).  In Tzero™ hermetically-sealed pans, 3-
5 mg of each sample underwent two thermal cycles to erase any prior thermal history.  In 
order to observe the Tg transition, a test run was performed from 25-150°C at a ramp rate 
of 10°C/min.  TA Thermal Analysis Software was then utilized to determine the Tg by 
the midpoint method using an average of two samples for each concentration. 
4.2.5.     Mechanical Testing 
 
Single-edge-notched three-point-bend (SEN-3PB) specimens were used to 
determine fracture toughness, KQ, according to ASTM D-5045-99.  Samples were 
notched using a jeweler’s saw and then tapped with a razor blade which had been dipped 
in liquid nitrogen in order to induce precracks in the notched sample.  Then, a screw-
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driven universal testing machine was used (Instron, model 5567) at a crosshead speed of 
1 mm/min in compression mode with a 500 N load cell.  Maximum load was obtained by 
load vs. displacement plots generated by Bluehill® software.  The measured crack 
lengths were taken from three points along the fracture surface and measured with 
calipers.  At least five samples for each composition were measured. 
4.2.6.     Scanning Electron Microscopy (SEM) 
 
Samples for the scanning electron microscopy (SEM) were cut half an inch from 
the fracture surface of a SEN-3PB sample and then mounted onto an aluminum stub with 
carbon tape.  This is followed by a 30 second sputter coating with Iridium to eliminate 
charging.  The fracture surfaces were then examined in order to observe the morphologies 
of the rubber-modified epoxies as well as determine the toughening mechanisms present.   
 
Figure 1: Schematic of the stress whitened region and fast fracture region of a fractured 
SEN-3PB sample. 
 
A Hitachi S-4300SE/N low voltage SEM was used with an accelerating voltage of 5 kV.  
Illustrated in Figure 1 is the fracture surface of a SEN-3PB sample, where the stress 
whitened region was imaged. 
4.3.     Results and Discussion  
 
The morphologies of the acrylate-based triblock- and diblock-modified epoxies 
were characterized using AFM.  Thermal analysis and mechanical testing was performed 
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to determine what the effect adding the rubber modifiers had on the epoxy matrix.  
Finally, fractography was used to deduce the toughening mechanisms present in the 
rubber-modified epoxy systems. Correlations between the structure and fracture were 
also made. 
 
4.3.1.     Morphology (AFM) 
 
In order to analyze the morphologies of the acrylate-based block copolymer-
modified epoxies, AFM was utilized.  AFM was used to identify and understand the 
morphologies of these block copolymer-modified epoxy systems [13] since osmium 
tetroxide stained samples provided poor contrast in the TEM. By examining both the 
phase (Figures 2-4) and topographical contrast (not shown) images, it is then possible to 
conclude that the darker regions are comprised of the polybutyl acrylate (soft phase) and 
the lighter yellow regions is a combination of the epoxy and the epoxy-miscible block.   
As seen in Figure 2, the MAM- and MAM*-modified epoxies exhibited spherical 
morphology with nano-size domains with sporadic agglomerates.  Although it is difficult 
to discern separate domains, the MAM-modified epoxy does possess larger domains than 
the MAM*-modified epoxy.  The smaller domains are attributed to an increase in 
miscibility of the PMMA blocks that can be attributed to the small amount of polar 
monomer added to the PMMA blocks.  These nano-structured morphologies have been 
achieved in other studies on the basis of polymerization-induced microphase separation 
and are believed to occur when the epoxy-miscible block is expelled [14, 15].  SAM-
modified epoxy, however, displays a bimodal size distribution with micro- size particles 
of approximately one micrometer in diameter with nano-size particles between 70-100 
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nm (seen in Figure 2).  While the nano-size particles appear to be a simple spherical 
morphology, the micro-size particles have a complex layered onion-like morphology and 
are attributed to the existence of residual diblocks in the triblock copolymer.  The 
formation of the complex morphology of the SAM-modified epoxy can be attributed to 
the epoxy system acting as a poor solvent for the SAM-modified epoxy when compared 
to the MAM- and MAM*-modified epoxy [6].    
 
 
Figure 2: AFM images of the acrylate-based triblock-modified epoxies at 5 phr illustrating 
the particle morphologies. 
  
The M’A-modified epoxies yielded spherical morphology, as seen in Figure 3.  
While the M’A-31-modified epoxy had rubbery domains of approximately 10-15 nm, the 
M’A-50-modified epoxy had rubbery domains of approximately 15-30 nm.  This increase 
in particle diameter was attributed to the larger butyl acrylate block in the M’A-50-
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modified epoxy when compared to the M’A-31-modified epoxy.  As with the MAM- and 
MAM*-modified epoxies, this is a result of microphase separation that occurs due to 
when the epoxy-miscible block is expelled [14, 15].  Conversely, the M’’A-modified 
epoxies yielded complex morphologies that had both micro-scale and nano-scale 
components.  The M’’A-30-modified epoxy has micro-size particles ranging from 2-11 
µm with nano-size features, specifically internal worm-like and vesicle morphology.   
 
 
Figure 3: AFM images of the acrylate-based diblock-modified epoxies at 5 phr illustrating 
the particle morphology. 
 Meanwhile, the M’’A-50-modified epoxy has larger micro-size particles ranging 
from 2-17 µm with a complex layered morphology (onion morphology), where the layers 
are on the nano-scale.  Figure 4 illustrates the same trend with only  .5 phr of the M’’A-
30 and M’’A-50 in the epoxy.  The rationale for this type of morphology is the same as 
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with the SAM-modified epoxy where the finer structure is a result of network formation 
that occurs because of the larger solubility mismatch between the M’’A-modified epoxies 
compared to the M’A-modified epoxies [6].  It is important to note that these complex 
morphologies are present at lower concentrations because of the dilute nature of the 
mixture, which is also attributed to why the structure is much finer. 
 
 
Figure 4: AFM images of the M''A-modified epoxies at 2.5 phr illustrating the particle 
morphologies. 
4.3.2.     Thermal Analysis Results 
 
When compared with the neat resin the glass transition temperature of the 
triblock- or diblock-modified epoxies in this study decreased the Tg by more than 4°C 
(Figure 5).  This can be attributed to the fact that all of the acrylate-based block 
copolymers in this study are not entirely comprised of the rubbery phase.  Compared to a 
traditional telechelic oligomer, such as CTBN, the acrylate-based block copolymers have 
significantly less soft phase, which makes them less susceptible to decreasing the Tg.  
This is in good agreement with a study conducted by Rebizant et al. that investigated the 
Tg of several epoxy systems and found that the decrease in Tg was 4°C or less [12]. 
  
 
 
108 
 
 
Figure 5: Glass transition temperate of the acrylate-modified epoxies as a function of 
modifier content. 
 
4.3.3.     Mechanical Properties 
 
By conducting SEN-3PB tests, the fracture toughness was determined, as seen in 
Figures 6 & 7.  It was observed that nearly all of the diblock- and triblock-modified 
epoxies improved the KQ.  However, the M’A-31-modified epoxy did not improve the KQ 
when compared to the neat resin at  .5 phr.  Additionally, both the M’A-31- and MAM*-
modified epoxies did not significantly increase the fracture toughness.  From the KQ 
values, it can be concluded that the domain sizes for the M’A-31- and MAM*-modified 
epoxies were not large enough to toughen effectively [16].  This is attributed to the 
domains being too small to exhibit enough cavitation, and therefore activate the 
necessary toughening mechanisms, to substantially increase the KQ [17].    
The remaining triblock-modified epoxies, however, increased the KQ until 10 phr, 
where both the MAM- and SAM-modified epoxies plateau at approximately 3.5 
MPam
0.5
.  At 10 phr, the MAM-modified epoxy improves the KQ greater than the other 
two triblock-modified epoxies, which is attributed to the clustering of the rubbery 
particles at this concentration.  The interparticle distance of the MAM-modified epoxy 
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decreases to an optimum level at this point and is shown to significantly increase the KQ 
[18].  However, once the MAM-modified epoxy reaches 20 phr, the KQ is decreased 
significantly due to phase inversion (covered in SEM section).  Similarly, the SAM-
modified epoxy was also effective in increasing the KQ and also exhibited micro-clusters.  
This tendency to micro-cluster has been shown in the literature to more effectively 
increase the KQ due to an increase in the shear plasticity of the epoxy matrix in the area 
surrounding the rubbery particles [19]. 
It should be noted that the diblock-modified epoxies were only investigated at 
lower concentrations, 2.5 and 5 phr, because of the amount of material allotted.  
Therefore, Figure 7 better illustrates the KQ values of the diblock-modified epoxies, but 
Figure 6 is used to compare all the acrylate-based block copolymer-modified epoxies in  
 
Figure 6: Fracture toughness of the acrylate-modified epoxies as a function of modifier 
content. 
 
this study.  Specifically, the M’’A-modified epoxies were especially effective in 
increasing the KQ of the epoxy.  Although the spherical morphology of the M’A-50-
modified epoxy was found to improve KQ, the M’’A-modified epoxies were found to 
more effectively increase the KQ.  This is attributed to the complex particle morphology, 
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as determined by AFM.  It has been shown that the length scale and aspect ratio of the 
worm-like micelles increase the KQ better than simple spherical morphology (micelles) 
due to synergistic toughening effects [20]. 
 
Figure 7: Fracture toughness of the acrylate-modified epoxies as a function of modifier 
content up to 10 phr to better illuminate the lower concentrations of the acrylate-based 
diblock-modified epoxies. 
 
4.3.4.     Observations of SEN-3PB Fracture Surface (SEM) 
 
By examining the SEM micrographs (Figure 8), it becomes evident that both the 
MAM- and SAM-modified epoxies exhibit cavitation and void growth toughening 
mechanisms, but the micro-size agglomerates in the SAM-modified epoxy debonded 
[21].  At 5 phr, the MAM-modified epoxy exhibits some matrix ductility, but as the 
rubber particles coalesce at higher concentrations, resulting in particle-rich and resin-rich 
regions (10 (Figure 9) and 15 (not shown) phr), this helps to increase the KQ 
significantly.  However, as seen in in Figure 9, by 20 phr, the MAM-modified epoxy 
phase inverts, which results in a subsequent decrease in the KQ.  SAM-modified epoxy 
yields a bimodal size distribution, the features of which decrease with increasing rubber 
particle content.  At 5 phr, the SAM-modified epoxy has micro-size particles between 3-5 
µm, decreasing to 1-2 µm at 10 phr, and finally to .5-1.5 at 15 phr, as illustrated in Figure 
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10.  It appears that in the SAM-modified epoxies, the nano-size particles, however, 
remain between approximately 70-100 nm for all modifier concentrations.  Finally, the 
MAM*-modified epoxy exhibits very little surface topography at 5 phr (Figure 8) which 
can be explained by the fact that the KQ does not improve due to insufficient domain size, 
which agrees with the AFM observations. 
 
 
Figure 8: SEM micrographs illuminating the fracture surface of the stress whitened region 
of the acrylate-based triblock copolymer-modified epoxies. 
  
 
 
Figure 9: SEM micrographs illustrating the particle-rich and resin-rich regions in higher 
concentrations of 10 phr MAM-modified epoxy and phase inversion of 20 phr MAM-
modified epoxy. 
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Figure 10: SEM micrographs illustrating the decrease in particle size of the SAM-modified 
epoxy at 10 and 15 phr. 
 
The M’’A-modified epoxies are illustrated in Figure 11.  It becomes apparent that 
the micro-size domains with nano-size features of the M’’A-30-modified epoxy 
corresponds to the complex morphology observed via AFM.  Furthermore, at 5 phr 
M’’A-30-modified epoxy, the co-continuous network of particles is evident, which agrees 
with the AFM results.  This combination of layered onion-like particle morphology along 
with worm-like vesicles proved to be the most effective toughening modifier of this study 
and shows evidence of particle cavitation followed by matrix void growth.  While the 
M’’A-50-modified epoxy possesses a similar composition, the resulting morphology is 
micro-size layered onion-like morphologies, as seen via AFM, due to the longer epoxy-
immiscible block.  The M’’A-50-modified epoxy also shows evidence of debonding and 
subsequent void growth instead of cavitation followed by shear yielding, as observed 
with the M’A-modified epoxies.  This would explain why the M’’A-30-modified epoxies 
had a larger increase in KQ because the rubbery particles facilitated shear plasticity more 
efficiently, allowing the toughening mechanisms to manifest.  Figure 12 illustrates the 
M’A-modified epoxies, where it becomes obvious that the M’A-31-modified epoxy has 
almost no topography, indicative of domains which did not induce plasticity [21].  The  
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Figure 11: SEM micrographs illuminating the fracture surface of the stress whitened region 
of the M''A-30- and M''A-50-modified epoxies. 
 
 
 
Figure 12: SEM micrographs illuminating the fracture surface of the stress whitened region 
of the M'A-31- and M'A-50-modified epoxies. 
 
M’A-50-modified epoxy did allow for some shear deformation, and subsequent plasticity, 
but not enough to significantly increase the KQ. 
4.4.     Conclusions 
 
Different particle morphologies produced depend on both the nature of the epoxy-
miscible block and the length of the blocks.  The PMMA blocks in MAM*- and M’A-31-
modified epoxies appear to be too miscible in the model epoxy system and results in 
small, rubbery domains that are ineffective for increasing toughness.  MAM- and M’A-
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50-modified epoxies, although similar in composition, improved the KQ due to larger 
rubbery domains which facilitated plastic deformation.  More impressive still was the 
SAM-, and M’’A-modified epoxies which yielded complex rather than spherical 
morphologies, to increase the overall KQ.  It was found that the SAM- and M’’A-
modified epoxies improved the KQ most effectively due to their respective complex 
morphologies.  Additionally, the thermal and mechanical properties were not found to be 
detrimentally impacted upon addition of the acrylate-based toughening modifiers.   
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CHAPTER 5 
 
CONCLUSIONS AND FUTURE WORK 
 
5.1.     Conclusions 
 The main research objective of this dissertation was to investigate the toughening 
mechanisms of rubber-modified epoxies containing nano-scale domains.  
 In Chapter 2, both thermal and mechanical properties of CTBN-, CSR- and SBM-
modified epoxies were investigated.  It was found that the CSR- and SBM-modified 
epoxies maintained the inherent thermal properties of the epoxy matrix better than the 
CTBN-modified epoxy.  Additionally, the CTBN- and CSR-modified epoxies had 
comparable fracture toughness values, but the SBM-modified epoxy exhibited superior 
toughness at high modifier concentration.  This was partially explained by residual 
PMMA in the epoxy matrix surrounding the SBM –rubber particles, which appears to 
facilitate plastic void growth. 
 Chapter 3 built upon what was learned in Chapter 2, where extensive microscopy 
studies, specifically, TOM and SEM were used to quantitatively determine the individual 
toughening mechanism contributions to the overall fracture toughness and was based on 
the application of the rubber-toughening model proposed by Kinloch and Huang [1, 2].  
These analyzes revealed that the SBM-modified epoxies dissipated substantially more 
energy via matrix void growth than either the CTBN- or CSR-modified epoxies.  This 
explains the smaller than expected damage zone size of the SBM-modified epoxy.  The 
extensive plastic tearing of the matrix (a.k.a. ligament bridging) observed the SBM-
modified epoxy also explains the continuing increase in the fracture toughness, with no 
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plateau  in fracture toughness even at 25 phr.  With regard to predicting the fracture 
toughness, the CTBN-, CSR- and SBM-modified epoxies are in good agreement with the 
Huang and Kinloch predictive toughening model up to 15 phr modifier content.  
However, the damage zone size is underpredicted by this model for both the CSR- and 
SBM-modified epoxies, even though at 15 phr the SEM micrographs show the particles 
are not noticeably interacting with one another.  This is thought to be the result of an 
underestimation of the Kvm (the maximum stress concentration factor of the von Mises 
stress in the plastic matrix) which assumes small-scale deformation, leading to a 
subsequent plastic damage zone size that is underpredicted.  The extensive ligament 
bridging experienced by the SBM-modified epoxy at higher concentrations has yet to be 
modeled as such ductile tearing on a fracture surface is rarely observed in epoxies. 
 Chapter 4 focused on the fracture behavior of acrylate-based rubber-modified 
epoxies.  By changing the composition of the miscible blocks, the M’A-30- and MAM*-
modified epoxies proved to be too miscible in this epoxy system and led to rubbery 
domains that were too small to initiate cavitation, hence the lack of improvement in 
fracture toughness.  All of the other acrylate-based block copolymer-modified epoxies, 
however, were shown to improve the fracture toughness via rubber particle cavitation or 
debonding with subsequent matrix void growth.  The most substantial toughness resulted 
with the SAM- and M’’A-modified epoxies, owing to their more complex morphologies.  
However, the M’’A-modified epoxy, being a diblock, has a lower molecular weight and, 
therefore, a lower viscosity.  This makes it more advantageous in terms of processing.  
Overall, the thermomechanical properties of the epoxy resin was not found to be hindered 
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with the addition of the acrylate-based block copolymers, although a substantial increase 
in viscosity is exhibited by the triblock-modified epoxies compared to the CTBN-
modified epoxy control. 
5.2.     Future Work 
 The following are extensions and suggestions based on the findings of the current 
research.  Specifically, in order to further the understanding of how the morphology of 
the rubber particles affects the matrix and the resulting fracture toughness. 
5.2.1.     Further SBM-Modified Epoxy Analysis 
 Meticulous imaging of the SBM-modified epoxy via STEM would investigate the 
thickness of the PMMA layer in contact with the epoxy matrix would further enable the 
correlation between the interface/interphase of the SBM –rubber particle and the matrix 
and the corresponding increase in the fracture toughness.  The relationship between the 
PMMA layer thickness and the SBM-rubber modifier could help to explain the increase 
in matrix plasticity observed. 
 At higher SBM-rubber content, the SBM-modified epoxies exhibit a ligament 
bridging effect.  This results in extensive deformation perpendicular to the fracture 
surface, which is in need of being quantified in order to predict the fracture toughness 
accurately.  This phenomenon also suggests that the shear banding present in the SBM-
modified epoxy is more substantial conventional models can account for.  Therefore, an 
investigation as to the contribution of ligament growth is paramount.  X-ray 
ultraMicroscopy (XuM) has been utilized to study the crack propagation in fractured 
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polymers and this technique could also be employed to extent of ligament bridging of a 
sufficiently thin material [3]. 
5.2.2.     Control of Acrylate-Based Diblock Particle Morphology 
 In this study, it was found that the M’’A-modified epoxies exhibited complex 
layered morphologies and in some regions exhibited worm-like micelles.  While the 
improvement in fracture toughness was substantial, achieving vesicle morphology has 
been shown to increase the fracture toughness even more effectively due to the higher 
volume fraction of particles present [4].  Therefore, the next step in this research would 
be to incorporate these M’’A-diblock copolymers into a more highly crosslinked epoxy 
matrix.  This should facilitate the formation of finer particle morphology, and hopefully 
vesicle morphology, due to the fact that these rubbery particles will not be spatially 
confined.   
 To understand the toughening mechanisms better, and to add to the overall 
understanding of the fracture behavior of these acrylate-based block copolymers, 
extensive rheological analysis should be conducted.  By examining the dynamic 
behavior, as was performed with the CTBN-, CSR-, and SBM-modified epoxies in this 
study, a better understanding of the particle-matrix interactions can be achieved. 
5.2.3.     Critical Size Effect of Cavitation 
 
While the M’A-50-modified epoxy did manage to increase the fracture toughness 
of the model epoxy system, the M’A-31-modified epoxy system was not found to be 
effective in this regard.  This is surmised to be because the rubber particle was not of 
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sufficient size for the toughening mechanisms to become active.  Essentially, the particles 
were not large enough cavitate. [5, 6] 
If this series was systematically studied by incorporating additional poly (butyl 
acrylate) the rubber particles would be swollen to different sizes so that a critical size for 
cavitation could be determined.  Further analysis of these rubber-modified materials at 
different particle sizes would also make it possible to optimize other mechanical 
properties such as yield stress and modulus. 
5.2.4.     Fatigue Investigation: Effect of Particle Size 
 
From a practical standpoint, investigating the effects these block copolymers have 
on the fatigue lifetime of the epoxy is industrially very useful.  With smaller particles, as 
seen in the SBM-modified epoxy in this study, better dispersion in the epoxy matrix is 
achieved, which is thought to improve the fatigue properties in rubber-modified epoxies.  
With the complex co-continuous morphologies of some of the acrylate-based block 
copolymers; it would be advantageous to see how these rubber-modified materials 
behave when attempting to arrest a crack. 
To investigate the fatigue properties of the rubber-modified epoxies alone, a 
double cantilever beam (DCB) test should be employed to deduce the effect of the 
bondline on the improvement in fatigue properties.  When this is investigated, 
implementing these rubber-modified epoxies in a carbon fiber reinforced composite 
(CFRC) would then allow for a more accurate understanding of how these materials 
would behave in relevant applications.  
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5.2.5.     Determining Contributions of Shear Banding and Void Growth 
 
 Although the Huang and Kinloch model was shown to predict the GIC of the 
rubber-modified epoxies in this study, limitations of this model were also made evident.  
While the shear banding component has been calculated via FEM for this model (see 
Figure 1), it was not considered on a three dimensional basis in terms of being quantified.  
The volume fraction of particles and change in particle diameter remain the only ways to  
 
Figure 1. Predicted growth of the plastic yield band at various loading stages, taken from 
Huang and Kinloch [2]. 
 
determine each of these components, which will have limitations when dealing with co-
continuous morphology in addition to vesicle particle morphology.  Further investigation 
as to the extent of shear banding versus void growth must also be taken into 
consideration.  Since the void growth is easier to determine experimentally, it is easier to 
incorporate into the model using experimental measurements.  However, as seen in 
Figure 13 in Chapter 3, the extent of shear deformation is much greater than what is 
accounted for in the model.  This point is touched in the model, where it is assumed the 
shear bands form in between the rubber particles and scale with the size of the rubber 
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particle, but the accuracy of the breakdown between the shear banding and void growth 
components should be improved upon given the results of this research.  
5.2.6.     Altering the PMMA Block in the Acrylate-Based Diblock Copolymers 
 
The acrylate-based block copolymers in this study showed an aptitude for 
increasing the ductility of the epoxy matrix.  In Chapter 2 of this work, it was found that 
the SBM-modified epoxy had residual PMMA in the epoxy allowed for even greater 
matrix plasticity.  Therefore, altering the PMMA block length in the acrylate-based block 
copolymers to determine an optimal block length for toughening is another aspect to 
explore.  Kishi et al. have conducted similar research where different curing agents were 
utilized to determine the optimum miscibility of the PMMA in the epoxy matrix for 
improving the fracture toughness [7].  Particularly with the complex morphology of these 
acrylate-based diblocks, increasing the ductility of the matrix would make them even 
more efficient in improving fracture toughness, which is supported by the nano-
crylindrical phases achieved by Kishi and coworkers. 
5.2.7.     Particle Size Versus Morphology Effects 
 
After examining the M’A-modified epoxies, it is difficult to determine whether 
the effectiveness of toughening is a function of the particle size or the morphology of the 
rubber particles.  Dynamic mechanical analysis should be implemented to determine the 
local plasticizing effects of the miscible block, and allow for a better understanding of 
how the layered/worm-like micelle morphology compare with the onion morphology.  
From the current study, only SEM has been conducted, which shows evidence of matrix 
plasticity, but an understanding of how these complex morphologies interact with the 
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matrix to toughen is essential to completely understanding the deformation behavior of 
these rubber-modified materials. 
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